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Enhancement of hydrolysis yield is achieved by minimizing product inhibition using a 
membrane bioreactor. A membrane bioreactor was able to mitigate the negative effects of 
calcium ions on hydrolysis of waste fines and fiber rejects. Enzyme loading and membrane 
molecular weight cutoff (MWCO) influenced the performance of hydrolysis. At an enzyme 
loading below 7.5 FPU/ g substrate, a membrane bioreactor didn’t improve the hydrolysis. Better 
hydrolysis performance is achieved using a membrane with lower MWCO. However, at higher 
enzyme loadings, membrane MWCO didn’t influence the hydrolysis performance in MBR.     
Enzyme in the liquid phase of the hydrolysate was efficiently recovered using zeolite. Enzyme 
adsorption on zeolite was driven mostly by hydrophobic interactions. Polyethylene glycol (PEG) 
was very effective at eluting the adsorbed enzyme. A very low concentration of high molecular 
weight PEG was enough to elute the proteins. The recovered enzyme retained its activity. The 
adsorption and desorption processes of the enzymes on zeolite β using PEG as an eluent was 
evaluated using mathematical modeling.  
 




S. R. Jampana 
Candidate for the degree of Doctor of Philosophy, April 2020 
Bandaru V. Ramarao, Ph.D. 
Department of Chemical Engineering 
State University of New York College of Environmental Science and Forestry 
Syracuse, New York 
1 
 
CHAPTER I: INTRODUCTION 
 
The growing interest in green and sustainable technologies for the conversion of biomass 
to biofuels, commodity chemicals, and new bio-based materials such as bioplastics is driven by 
pressing need to achieve energy independence and mitigate climate change (A. Sheldon, 2014; 
Lippke et al., 2011; Nanda et al., 2015; Perea-Moreno et al., 2019). The switch to renewable 
biomass as a feedstock can benefit the environment by reducing the carbon footprint of 
chemicals and liquid fuels (A. Sheldon, 2014). First-generation biomass feedstocks like 
sugarcane and corn interfere with the food sector, and its water consumption (especially for corn 
cultivation), as well as economic sustainability (Miret et al., 2016). Second-generation biomass is 
available year-round, and the cost incurred to collect, and store lignocellulosic biomass is low. 
However, the transformation of second-generation biomass to fuels and biomaterials is 
economically not viable due to its recalcitrance (Martin Alonso et al., 2010). Therefore, new raw 
materials, like cellulosic biomass in the waste rejects from recycled linerboard mills, which 
circumvent the problems associated with first- and second-generation biomass is an attractive 
choice (Min, 2015).  
 Irrespective of the biomass type, cellulose chain needs to be broken into individual 
sugars, which then can be fermented into biofuels, and bioplastics, or transformed into 
hydrocarbon, and polyester building blocks by fermentation and chemocatalytic conversion 
(Amidon et al., 2008; A. Sheldon, 2014; Christensen et al., 2008; Clark, 2007; Jong et al., 2012; 
Tuck et al., 2012). Figure 1 depicts the valorization products of biomass to hydrocarbon and 
polyester building blocks. The deconstruction of cellulose chains into free monomeric sugars is 
achieved by a combination of pretreatment and enzymatic hydrolysis. The absence of 
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recalcitrance in waste fines avoids the requirement for a capital intensive pretreatment step 
before enzymatic hydrolysis (Min et al., 2015). 
 The enzyme system used in the deconstruction of cellulosic chain consists of a cellulase  
cocktail mixture that act synergistically to cleave the glycosidic bond. Despite the fact that 
research creating efficient enzyme systems has been accomplished, the amount of enzyme used 
in biomass valorization still makes the process economically infeasible.  Therefore, finding new 
approaches that improve biocatalytic productivity by enzyme recovery and reuse appears to be 
an attractive option to pursue (Jørgensen and Pinelo, 2017).  
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Figure 1. Hydrocarbon and polyester building blocks from cellulosic biomass. Adapted from 
(A. Sheldon, 2014) 
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1.1 Research Goals 
 
The main goal of this research was to improve the biocatalytic productivity of the enzymes used 
in biorefinery. To accomplish this goal, the work was divided into two topics: 
• Investigate the use of membrane bioreactor (MBR) for hydrolysis of waste fine rejects  
• Recover enzymes in the liquid fractions of the hydrolysate using zeolite β as a carrier  
 
1.2 Thesis Outline 
 
This thesis comprises of seven chapters, summarized as follows: 
 
❖ Chapter I introduces the motivation of the research, research goals, and thesis outline 
 
❖ Chapter II discusses the substrates in biorefinery, hydrolysis of biomass by enzymes, and 
strategies to optimize hydrolysis by enzyme recovery  
 
❖ Chapter III investigates the use a reactor-separator combination (membrane bioreactor) 
for the enzymatic hydrolysis of waste fines and fiber rejects from recycled linerboard 
paper mills. The effect of dilution rate, Tween 80, and membrane molecular weight cutoff 
(MWCO) on hydrolysis performance was investigated 
 
❖ Chapter IV explores the potential of zeolite β to recycle cellulases from the liquid fraction 
of the hydrolysate 
 
❖ Chapter V gives a short review of adsorption models for proteins and macromolecules on 




❖ Chapter VI presents the conclusions drawn from this thesis  
 


















CHAPTER II: BACKGROUND 
 
Lately, the search of sustainable resources that can reduce the dependence on fossil 
resources for energy demands and mitigate global environmental problems has gained 
importance. In this regard, replacing fossil fuels with renewable energy sources is a common 
goal of mankind. At present, renewable energy mainly includes biomass, geothermal energy, 
solar energy, wind energy, marine energy, etc. The potential ecological and environmental risks 
of nuclear energy, and large-scale hydropower, and the regional specificity of wind energy and 
geothermal energy, limits the practicality of these resources. However, biomass energy has been 
recognized for its ubiquity, richness, and reproducibility.  
According to the International Energy Agency's 2019 Global Bioenergy statistics report, the 
total global energy consumption in 2017 was 370 Exa Joule (EJ), of which renewable energy 
accounted for 17.7% of the total energy consumption. Biomass accounted for 70% of the total 
renewable energy supply. Hydropower accounted for 18% of the total supply. Wind energy and 
solar energy technologies make little contribution to energy supply, accounting for 4% and 5% 
respectively, and geothermal energy only accounts for 1% (WBA, 2019).  
2.1 Lignocellulosic Biomass 
 
Biomass existing in nature can be categorized into five types: wood and woody biomass, 
herbaceous biomass, aquatic biomass, animal and human waste biomass, and biomass mixtures 
(Tursi, 2019). Lignocellulosic biomass, comprising of woody biomass and herbaceous biomass, 
is an attractive renewable resource due to its abundance and nonfood use. Lignocellulosic 






Cellulose is a homopolymer containing repeated units of cellobiose. Each cellobiose unit contains 
two anhydrous glucose molecules joined together by β-1,4-glycosidic linkage. The glucose units in 
cellobiose are rotated by 180° relative to each other providing the conformational stability to the cellulose 
structure. The number of repeating units in a cellulose can vary from 100 to more than 10,000.  Numerous 
interchain and intrachain hydrogen bonds exists imparting crystallinity to cellulose. This crystalline 
structure makes cellulose insoluble in water. The degree of crystallinity is measured in terms of 
crystallinity index. An inverse relation exists between crystallinity index and digestibility of cellulose. 
However,  the rate of solubility can be increased by subjecting the cellulose to high temperatures and 
thereby breaking the hydrogen bonds. Cellulose also contains amorphous region that is relatively more 
susceptible to digestion.  In order to achieve the effective hydrolysis preliminary pretreatment is needed 
prior to enzymatic hydrolysis (Kumar and Murthy, 2016; Sjostrom, 1993). The molecular structure of 
cellulose is represented in Figure 2.  
 
 








Hemicellulose is the second most abundant compound which accounts 20-35 % of 
lignocellulosic biomass. They are linked to cellulose by hydrogen bonding, and lignin  by 
covalent bonds. They are highly branched with a degree of polymerization ranging from 150 – 
200 monomer units (Sun et al., 2003). Hemicelluloses are heterogeneous polysaccharides made 
up of pentoses (D-xylose, L-arabinose), hexoses (D-glucose, D-mannose, D-galactose), uronic 
acids (D-glucuronic, 4-O-methyl-D-glucuronic and D-galacturonic acids), and to a lesser extent, 
L-rhamnose, and L-fucose. The hydrolxyl groups of the sugars can be partially substituted with 
acetyl groups. Xylans make up most of the hardwood and herbaceous hemicellulose. Mannans 
make up most of the softwood hemicellulose. The by-products of wood and pulp and paper 
industries are rich in xylans (Gírio et al., 2010).  
 
2.1.3 Lignin 
Lignin is a natural amorphous polymer consisting of phenylpropane units. The 
phenylpropane units include para-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol. The 
space between cellulose and hemicellulose is filled up by lignin, which attaches through 
hydrogen and covalent bonds. Composition and amount of lignin varies from hardwood to 
softwood, species to species, and even part of the plant. Softwoods contain more lignin 
compared to hardwood and herbaceous plants (Pandey and Kim, 2011). Overall, the structure of 





2.2 Waste Fines Rejects 
 
Paper and paperboard market is broadly classified into three categories: packaging, 
graphic paper, and others. Packing market consists of paperboard and containerboard. Newsprint, 
printing and writing paper are categorized under graphic paper market. Others include tissue and 
other products. Global paper and paperboard industry is growing despite the shrinking graphic 
paper segment. This growth is primarily driven by the packaging market. In 2018, the paper and 
paperboard industry in USA supplied 77.3 million tons of paper and paper-based products. 
About 68.1 % of these products are recovered, with 19 million tons of these recovered products 
ending up in containerboard. The destination of the recovered paper and paperboard products are 
depicted in Figure 3 (AFPA, 2018).  
 
Figure 3. Destination of recovered paper and paperboard (in million tons). Source: American Forest 












Over the last three decades the containerboard industry grew consistently, and the supply 
reached an all-time high of 35.9 million tons (AFPA, 2018). The containerboard industry is 
predicted to see an compound annual growth rate exceeding 2 % in North America (McKinsey, 
2019). Interestingly, the recovery rate of the containerboard is very high consistently over the 
past decade. In 2018, the recovery rate of containerboard reached a staggering 96.4 % i.e., the 
paper used in the containerboard goes through the paper machine multiple times over its lifetime. 
This repeated recycling shortens the paper fiber, losing their ability to bind to paper sheet. These 
short fibers, also called fines, need to be rejected as their net contribution to the paper become 





































































































































































             Table 1. Characteristics of fines rejects from containerboard. Adapted from (Min, 2017) 






Others (plastics, synthetic fibers, other organics) 10 
 
 
These fines rejects, along with plastics, sand, clay, and other paper constituents are either 
incinerated or disposed of in landfill (Monte et al., 2009). In case of landfill, the average tipping 
fees  is $ 34 per ton, with highs reaching $ 100 per ton (Scott et al., 1995). Alternatively, these 
fines rejects are rich in cellulose and can be a good source for producing sustainable products 
like biofuels, platform chemicals and bioplastics. These fines rejects have advantage of the 
cellulose being easily accessible to enzymes for quick hydrolysis.   
2.3 Enzymatic Hydrolysis 
 
2.3.1 Enzymes 
In nature, microorganisms produce different kind of enzymes to degrade biomass for 
producing monomeric sugars for their survival (Balan, 2014). These enzymes vary structurally 
from α-helical to β-sheet with the size ranging from 14,000 – 170,000 Daltons (Withers, 2001). 
Microbes having these enzymes act upon biomass in two ways: cellulosomal enzyme system and 
free enzyme system. In cellulosomal enzyme system, as in the case of Clostridium thermocellum, 
hydrolysis is performed by a complex mixture of enzymes that are docked to cohesive and 
dockerin domains anchored on the surface of the organisms (Bayer et al., 1998). Cellulosomal 
11 
 
enzyme systems are predominantly observed in anaerobic bacteria and fungi. They contains 
cellulases, hemicellulases, pectinases, and chitinases that can efficiently degrade biomass (Doi 
and Kosugi, 2004). In free enzyme system, as in the case of Trichoderma reesei, enzymes 
secreted as individual components act on biomass substrates (Martinez et al., 2008). An 
overview of the Trichoderma reesei enzyme system is represented in Figure 5. The free enzyme 
system is easy to duplicate and hence, widely employed in biomass conversion in biorefineries 
(Balan, 2014).  
 
Figure 5. An overview of Trichoderma reesei enzyme system. Reprinted with permission from 
(Kumar and Murthy, 2016) 
Enzymes degrading biomass can be classified into three major categories: cellulases, 
hemicellulases, and pectinases. Cellulases degrade cellulose, hemicellulases degrade 
12 
 
hemicellulose, and pectinase degrade pectin (Bayer et al., 1998; Zhang et al., 2012). These 
enzymes act in synergy to break down the cellulose polymer (Figure 6). 
Traditionally, cellulolytic enzymes are classified into three categories (Jørgensen et al., 
2007).  
i. Exo-1,4-β-D-glucanases or Cellobiohydrolases (CBH):  They cleave off the cellobiose 
units at the ends by moving along the cellulose chain. Cellobiohydrolase I (CBH I) acts 
on the reducing end of the cellulose chain whereas cellobiohydrolase II (CBH II) acts on 
the non-reducing end of the cellulose chain. 
ii. Endo-1,4-β-D-glucanases (EG): Hydrolysis of  internal β-1,4-glycosidic bonds along the 
cellulose chain is performed by these enzymes. However, they act in a random order. 




Figure 6. Enzymatic degradation of cellulose. Reprinted with permission from (Horn et al., 2012). 
Abbreviations: EG, endoglucanase; CBH, cellobiohydrolase; CDH , cellobiose-dehydrogenase; 







2.3.2 Hydrolysis Mechanism 
 
The hydrolysis of the cellulose chain is aided by three separate domains present in the enzyme 
molecule. Carbohydrate binding module (CBM), the smaller globular domain, facilitates the 
attachment of enzyme to the cellulose substrate. Catalytic domain (CD), the larger globular 
domain, has an active  site inside a tunnel formed by a loop of protein chain that is responsible 
for hydrolysis of the glycosidic bond. These two globular domains are linked by the linker 
segment, the third domain (Zhong et al., 2009). These domains are illustrated in Figure 7: bigger 
domain on right side is CD, smaller domain on left side is CBM, linker segment in the middle 
connects CBM and CD.  
 
Figure 7. The modular structure of CBH I from Trichoderma reesei. Reprinted with permission 
from (Zhong et al., 2009) 
 
The fragmentation of cellulose chain by enzymes into glucose monomers involves six main steps 
(Bansal et al., 2009): 
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1) Enzyme adsorb onto cellulose with the help of binding domain 
2) The bond susceptible to hydrolysis is located on the cellulose surface. Exoglucanases 
locate bond at the chain ends, while endoglucanases locate bond randomly across the 
cellulose chain 
3) The cellulose chain end is moved into the catalytic tunnel, resulting in the formation 
of enzyme-substrate complex, to initiate hydrolysis  
4) Enzyme slides along the cellulose chain upon hydrolysis of the β-glycosidic bond 
5) Enzyme is desorbed or Step 4 is repeated. Step 2 or step 3 is repeated if catalytic 
domain is detached form the cellulose  
6) The available cellobiose units are hydrolyzed into glucose monomers in the presence 
of β-glucosidase 
Based on their mechanism, enzymes are classified into glycosidases and glycosyl 
transferases. Enzymes that hydrolyze the glycosidic bond with the retention of anomeric 
configuration are called glycosidases and those that hydrolyze by inversion of anomeric 
configuration are called glycosyl transferases. Hydrolysis mechanism of these two classes  of 
enzymes are presented in Figure 8. 
In inverting mechanism, one carboxylic group acts as an acid catalyst, while the other one 
acts as a base catalyst. In Figure 8 (A), the top carboxyl group protonates the glycosidic oxygen, 
while the water molecule is attacked by the bottom carboxyl group, that acts as a nucleophile. 
Both carboxyl groups attain opposite protonation state to that before hydrolysis (Davies and 





Figure 8. Mechanisms of A) inverting, and B) retaining glycosidases. Adapted from (Payne et 
al., 2015)  
In the retention mechanism, the hydrolysis of glycosidic bond proceeds in two steps. 
However, the acid/base catalysis is done by a single carboxyl group. In the first step, the 
glycosidic oxygen is protonated by the acid catalyst resulting in the formation of a glycosyl-
enzyme intermediate (glycosylation). In the second step, carboxyl group acts as a base catalyst 
resulting in the deglycosylation. Both these steps proceed through a transition state that forms a 
oxocarbenium ion (Bravman et al., 2003). Unlike in the inverting mechanism, both carboxyl 
groups retain the same protonation state to that before hydrolysis (Davies and Henrissat, 1995; 





Figure 9. Retention mechanism of glycosidases. Reprinted with permission from (Bravman et 
al., 2003)  
 




Like most enzyme-catalyzed reactions, the presence of a high enough concentrations of 
products (cellobiose and glucose) acts as an inhibitor in cellulolytic hydrolysis reaction. 
Cellobiose inhibits CBH and EG  for hydrolysis of cellulose to cellobiose. Glucose, the product 
of βG acts as an inhibitor for hydrolysis of cellobiose to glucose. Also, βG indirectly inhibits the 
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hydrolysis of cellulose to cellobiose by accumulation of cellobiose (Andrić et al., 2010). The 
schematic inhibition of cellulolytic enzymes on cellulose hydrolysis is presented in Figure 10.  
 
Figure 10. Overview of cellulose hydrolysis and product inhibition: 1&2 are main reactions, 




Composition of biomass influences cellulase hydrolysis performance. Substrates with higher 
content of lignin tend to show an inverse relation to hydrolysis performance (Vinzant et al., 
1997). It is hypothesized that lignin hinders the hydrolysis in two ways (Berlin et al., 2005): 
1) Preferential interaction of  enzyme to lignin due to  hydrophobicity inducing non-
productive binding 
2) Reduced enzyme access to cellulose chain due to physical blocking 
Hydrophobic, electrostatic, and hydrogen bonding interactions are proposed to be the binding 
force for enzyme-lignin adsorption (Li et al., 2016; Pareek et al., 2013).  This extent of 
adsorption depends both the type of biomass, and the kind of enzyme. Lignin in pretreated 
biomass is more inhibitory than non-pretreated biomass, and lignin from herbaceous plants is 
more inhibitory than wood (Li et al., 2016).  The negative effect of lignin on cellulose hydrolysis 
is countered by the addition of surfactant. Nonionic surfactants, like tween 80 and PEG, compete 
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with the enzyme for lignin binding sites, and reduce the non-productive binding of enzyme to the 
lignin (Qing et al., 2010; B. Sipos et al., 2010). Nonionic surfactants are generally considered to 
be more benign to enzymes than ionic surfactants. Nonionic surfactant interact with enzymes 
through hydrophobic interactions. Whereas the ionic surfactants, like sodium dodecyl sulfate, 
bind to enzymes through strong electrostatic interactions, changing the conformation leading to 
reduced enzyme activity (Eriksson et al., 2002; Holmberg, 2018).   
Temperature and pH Effect 
 
As discussed before, a mixture of enzymes is usually required to hydrolyze biomass. 
Besides the type of substrate, activity of these enzymes varies depending on temperature and pH. 
Enzyme activities are found to be higher in the range of 37 °C to 60 °C and pH 4 to 5.5 (Farinas 
et al., 2010). The activity of enzyme is dependent on both temperature and pH. For instance, the 
enzyme mixture Celluclast exhibits higher activity up to almost 60 °C at pH 4.5, whereas at pH 
6.5, the enzyme activity starts to decrease after 50 °C. Under optimum temperature and pH 
conditions, the activity of endoglucanase Cel8A is higher on barley-β-glucan than azo-CM-
cellulose. The substrates dissimilar structure might affect the binding of enzyme and hence this 
variation (Herlet et al., 2017). Therefore, for a given substrate, the enzyme mixture must be 






2.4 Membrane Bioreactor 
Membrane bioreactors (MBR) are reactor-separator units where the separation unit is 
configured either internally or externally. The schematic of MBR configuration is presented in 
Figure 11. In a submerged configuration, the separation unit (membrane) is integrated within the 
reactor. The separation unit is coupled externally with the bioreactor in an external or sidestream 
configuration (Guglielmi and Andreottola, 2010). Typically, the separation unit is a membrane 
that allows only some components of the feed material to pass through. The components that 
pass through the membrane are called permeate and those retained by the membrane are called 
retentate. Membrane permeability depends on the membrane pore size and characteristic of the 
feed stream (such as shape of the molecule and inter-molecular and membrane-molecular 
interactions) (Judd, 2010, and Ramaswamy et al., 2013). 
 
 




Basically, there are four different types of membrane separation processes ranging from: 
microfiltration (MF) to ultrafiltration (UF) to nanofiltration (NF) to reverse osmosis (RO). 
Microfiltration retains suspended solids and colloid matter (such as extractives) in the range of 
0.1 to 1 µm. UF membranes retains macromolecules (such as hemicelluloses, proteins) in the 
range of 5 to 100 nm. Concentration of monosaccharides, multivalent inorganic ions and low- 
molar-mass lignin can be achieved by NF having a pore size of 1 – 5 nm. RO can reject singly 
charged (i.e. monovalent) ions, such as sodium (Na+) and chloride (Cl-). MF and NF membranes 
are classified based on pore size and molecular weight cut-off (MWCO) respectively. UF 
membrane has the capability of rejecting molecules in the range of 1-1000 kDa. The driving 
force is usually 2-10 bar during UF and less than 2 bar during MF (Judd, 2010 and Ramaswamy 
et al., 2013). 
Membranes are usually made up of polymeric or ceramic material. Although metallic 
membranes are used in membrane separations, they are not widely used in MBR technology. The 
most common polymeric membrane materials include polysulfone (PS), polyethersulfone (PES), 
polyvinylidene fluoride (PVDF), polyethylene (PE) and polypropylene (PP) and regenerated 
cellulose. Ceramic membranes are usually made of α-Al2O3 and TiO2. By and large, all 
membranes comprise of a thin layer surface layer on the top of the more open, thicker porus 
support. The top layer provides the selective permeability of the components while the bottom 
porus support provides mechanical stability. The mechanical and chemical stability of the 
membranes are specified in terms of the maximum pressure and temperature it can withstand. 
The chemical stability is given as the pH range and the resistance to solvents. Temperature and 
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pH resistance are generally higher for ceramic membranes, whereas the maximum pressure is 
usually higher for polymeric materials (Judd, 2010; Ramaswamy et al., 2013).  
The configuration of the membrane and the way in which the membranes are housed to 
produce membrane modules play a crucial role in determining the overall process performance. 
The primary membrane configurations employed in MBRs are plate-and-frame/flat sheet (FS), 
hollow fibre (HF) and (multi) tubular (MT). HF is comprised of cylindrical bundles with a high 
packing density, while MT has one or more membrane tubes. FS are usually produced in 
rectangular panels. MT module operate with flow passing from inside (lumen-side) to outside 
(shell-side) whereas HF operates in both inside to outside and outside to inside. The narrow 
diameter of the HF modules in MBR is susceptible to clogging in case of inside to outside flow 
pattern (Judd, 2010).  
 
                






Conventional pressure-driven membrane processes operate in two modes: dead-end and 
crossflow filtration. In the dead-end filtration, the feed flow is perpendicular to the membrane 
and is characterized by the absence of retentate stream. The resistance of the membrane increases 
according to the thickness of the cake layer formed. In the crossflow filtration, the feed flow is 
parallel to the membrane and characterized by the presence of retentate stream. In crossflow 
filtration, the deposition continues until the adhesive forces binding the cake to the membrane 
are balanced by the scouring forces of the fluid passing over the membrane (Ramaswamy et al., 
2013). 
2.4.2 Concentration Polarization 
 
The overall resistance at the membrane-solution interface is increased by a number of 
factors such as concentration polarization and fouling. Concentration polarization (CP) is the 
accumulation of solute at the membrane-solution creating a liquid film. CP can eventually result 
in fouling of the membrane pores. CP and CP-related fouling can be reduced by increasing the 
turbulence. For a submerged MBR, increased membrane aeration is employed to decrease the CP 
and CP-related fouling to an extent. In MBRs, physical cleaning is achieved either by 
backflushing or relaxation. In backflushing, the direction of permeate is reversed for a small 
interval whereas in relaxation, the permeation is ceased with simultaneous scouring of membrane 
with air bubbles. Physical cleaning is employed to eradicate reversible fouling. Chemical 
cleaning using mineral or organic acids, caustic soda, or sodium hypochlorite is employed to 
decrease otherwise irreversible fouling. However, original permeability of the membrane is not 
achieved either by physical or chemical cleaning (Judd, 2010; Ramaswamy et al., 2013) 
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2.4.3 Enzyme MBR 
Minimizing product inhibition is the major goal of the enzyme membrane bioreactors 
reported in literature. Both submerged and external MBRs configurations were studied for this 
purpose. An approach to re-use the enzyme separated from products was first initiated by (Ghose 
and Kostick, 1970). Their design of membrane reactor used a pressure filtration vessel provided 
with a membrane for simultaneous removal of glucose from the reacting system. They reported 
that there was an increase in the substrate conversion ratio when sufficient time was given for 
enzymatic hydrolysis. Since then, both submerged and external MBRs have been operated using 
a combination of substrate loading, enzyme loading, and product removal strategies. These MBR 








Table 2. MBR operational strategies 
Substrate Substrate 
feeding 









Solca Floc Continuous Submerged Continuous 10 300 mg (Ghose and Kostick, 
1970) 
Solca Floc Start Separate Continuous 1 22 mg (Klei et al., 1981) 
α-cellulose Start Submerged Intermittent 2.5 4 -10 mg (Gan et al., 2002) 
Corn stover Start Separate Intermittent 15 20 FPU (Knutsen and Davis, 
2004) 
Rice straw Start Separate Continuous 18.5 20 FPU (Yang et al., 2006) 




Fed-batch Submerged Intermittent 2 60 FPU (Zhang et al., 2011) 
Spruce chips Continuous Separate Continuous 14.4 35 FPU (Ishola et al., 2013) 
α-cellulose Continuous Submerged Continuous 10 50 mg (Malmali et al., 2015) 
Milled corn 
stover 











Zeolite is a combination of two Greek words, zeo and lithos. Zeo means boil and lithos 
means stone. Zeolites are three-dimensional crystalline aluminosilicates made up of SiO4 and 
AlO4 tetrahedra units linked to each other by oxygen atoms. Each AlO4 tetrahedron in the 
framework bears a negative charge which is balanced by extra-framework cation. The channels 
and voids in the framework are occupied by cations such as H+, Na+, K+ or NH4
+ and water 
molecules. These cations are mobile and provide zeolite its ion exchange capabilities. The water 
in the framework may make up to 50 % of the crystal volume. This water is generally removed 
by application of heat. The structural formula of zeolite crystallographic unit cell is given by  
Mx/n[(AlO2)x(SiO2)y] (H2O)Z 
Where, 
n is the valence of cation M 
x is the number of AlO4
-
 tetrahedra per unit cell 
y is the number of SiO4 tetrahedra per unit cell 
z is the number of water molecules per unit cell 
The ratio of y to x varies with the type of zeolite. However, the ratio is always ≥ 1. While 
zeolites with pure SiO4
 in the framework can be synthesized, constructions with AlO4
- alone in 
the framework do not exist. Besides Al and Si, the tetrahedral position in the framework can 
consist of  P (Phosphorus), Ge (Germanium), B (Boron), Mg (Magnesium), Zn (Zinc), Ga 
(Gallium), Be (Beryllium). 
The primary structural units (PSU), SiO4
 and AlO4
- tetrahedra, are assembled to form 
secondary building units (SBU). The SBU units are polyhedra and their structure can vary from 
cube to hexagonal to cubo-octohedra. These SBU units combine to form the composite building 
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unit (CBU) (McCusker and Baerlocher, 2001). Based on the CBU framework, currently, there 
are 237 zeolites identified by the Structure Commission of the International Zeolite Association 
(IZA) (DZS, 2020).  
The pore size of the framework ranges from 0.3 nm to 1 nm. The pore volumes range 
from 0.10 cc/g to 0.35 cc/g. Each framework in the database is given a three letter code such as 
FER, *BEA, -CHI etc.,.  The asterisk “*” symbol preceding the three-letter code indicates that 
the zeolite structure is partially disordered. A “-” symbol preceding the three-letter code indicates 
that the framework is interrupted. Irrespective of the composition, the three-letter code is 
assigned to the zeolite solely based on the framework topology (Flanigen, 2001). 
Based on the ratio of Si to Al in the framework, the zeolites are classified into four 
categories (Flanigen, 2001). These categories are presented in Table 1. With increasing Si to Al 
ratio, the thermal stability, and  hydrophobicity of the zeolite increases . 
Table 3. Zeolite classification based on Si/Al ratio 
Name  Si : Al Examples 
Low Si/Al zeolites 1 – 1.5 zeolite A, zeolite X 
Intermediate Si/Al zeolites ~2 - 5 clinoptilolite, zeolite Y 
High Si/Al zeolites ~10 - 100 mordenite, erionite 






2.5.1 Zeolite β 
Zeolite β is a synthetic zeolite with a partially disordered framework. It is highly 
hydrophobic and thermally stable due to its high Si/Al ratio. The Si/Al ratio of Zeolite β is 
greater than 5. The framework of Zeolite β has two 12-membered ring pores. The channels of the 
framework have a diameter of 0.56 x 0.56 nm and 0.77 x 0.66 nm (Bárcia et al., 2005). Zeolite β 
used in the chapter 4 has an ammonium ion neutralizing the zeolite framework. The acid sites 
and scanning electron microscopy (SEM) images of the Zeolite β used in this study is presented 
in Figure 13 and Figure 15, respectively 
 
 







(a)                                                 (b)                                              (c) 
 
(d) 
Figure 14. Composite building units (a, b, c) and framework (d) of zeolite β. Source: Structure 






Figure 15. SEM image of zeolite β at 5000X magnification. Courtesy of  N. C. 




Figure 16. SEM image of zeolite β at 20000X magnification. Courtesy of  N. C. 
Brown Center, ESF  
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The isomorphous replacement of the tetravalent framework cation (i.e., Si) by a cation of 
lower charge (normally Al) creates a net negative charge on the zeolite framework. This net 
negative charge is neutralized by the cations present in the pores. These weakly bonded cations 
are exchanged by washing with a solution containing another cation in excess explaining the ion 
exchange capabilities  of the zeolite (Townsend and Coker, 2001).  
Adsorption 
 
Zeolites are used as adsorbents in several domains of applications. The ability to adsorb 
depends on the physical/chemical characteristics of the zeolite, such as Si to Al ratio, framework 
cation, presence of defects in the framework etc. In the past decades, zeolites were used to 
remove contaminants like ammonium and heavy metals in the waste water by adsorption 
(Hedström Annelie, 2001; Kesraoui‐Ouki et al., 1994; Wang and Peng, 2010). Recent 
applications include removal of micropollutants like tris-2-chloroethyl phosphate (TCEP), an 
organo-phosphate ester used as a plasticizer and flame retardant, from the aqueous solutions 
(Grieco and Ramarao, 2013). 
 Amino acids, the building blocks of proteins are produced in a commercial scale by 
chemical or enzymatic synthesis and microbial fermentation. All these methods involve the 
separation of amino acids from aqueous phase. Amino acid separation and recovery is usually 
done by chromatography (Munsch et al., 2001). But in the past decade, zeolites were tested as a 
chromatographic carrier to separate and recover amino acids. Adsorption was  the basic principle 
employed to separate amino acids from the solution using zeolites.  
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 Amino acids are organic compounds consisting of a basic amino and acidic carboxyl 
group along with a characteristic side chain. The basic amino group and acidic carboxyl group 
condense to a from a peptide bond. The ionization state of an amino acid varies with the pH. At 
high pH, the carboxyl group tends to dissociate, giving the amino acid a negative charge. At low 
pH, the amine group tends to acquire positive charge. At an interim pH, the net charge on the 
amino acid becomes neutral. This pH is called isoelectric point (Krohn and Tsapatsis, 2005). The 
ionization state of an amino acid is represented in Figure 17 
 
Figure 17. Ionization state of amino acid. Reprinted with permission from (Krohn 
and Tsapatsis, 2005)  
 
The ionization behavior is exploited to separate amino acids from aqueous solutions using 
zeolites. Basic amino acids (lysine, arginine), acidic amino acids (glutamic acid), non-polar 
amino acid (phenylalanine) were all adsorbed onto zeolite β by varying pH. Amino acids 
adsorbed onto negatively charged zeolite through electrostatic and hydrophobic interactions 










There is a growing interest in the utilization of non-fossil-based resources, like 
lignocellulosic biomass, to create sustainable products like biofuels, platform chemicals, and 
bioplastics. To produce these products, the structural carbohydrates (cellulose and hemicellulose) 
of lignocellulosic biomass need to be transformed into fermentable sugars via hydrolysis (acid or 
enzymatic). As these carbohydrates are embedded in a complex matrix protected by lignin, a 
pretreatment step is necessary to break down the biomass recalcitrance and improve enzyme 
accessibility to these carbohydrates. Due to the advantages of mild operating conditions, low 
inhibitory compound formation, enzymatic hydrolysis is preferred over the acid hydrolysis 
process. Each of these steps has some bottlenecks for the cost-effective utilization of 
lignocellulosic biomass. Biomass that avoids any one of these steps will be a better source to 
pursue the production of fermentable sugars.  
Waste fines and fiber rejects from recycled linerboard paper mills, is one such  source  
which contains about 40 %  cellulose . Unlike wood and agricultural waste biomass like corn 
stover or straw, the cellulose and hemicellulose in waste fines are easily accessible to enzymes 
and hence, does not require pretreatment. Currently, some paper companies dispose of these 
waste fines at the cost of $ 25 - $ 80 per wet ton (Min et al., 2015). The consistent composition 
of these waste fines from the paper mill, year-round availability, and negative cost associated 
with acquiring these waste fines make this a potential substrate for developing cost-effective 
fermentable sugar production. 
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Hydrolysis of the cellulose chain is performed by a mixture of enzymes namely: 
endoglucanases, exoglucanases, and β-glucosidases. These enzymes, with a molecular weight 
ranging from 15,000 to 170,000 Da, act on cellulose chain synergistically to produce sugar 
monomers (Withers, 2001). However,  the cost of the enzymes and the slow reaction rate due to 
product inhibition is one of the major obstacles for the cost-effective hydrolysis of cellulose (Al-
Zuhair et al., 2013; Gan et al., 2002; Liu et al., 2016; Pino et al., 2018). Several strategies, like 
enzyme recycling and enzyme immobilization, were implemented to improve the enzyme 
catalytic activity and reduce the enzyme costs (Jørgensen and Pinelo, 2017). Although enzyme 
recycling by ultrafiltration is efficient, studies supporting the economic feasibility of this process 
is not reported with an accounting for the costs associated with membranes and energy 
consumption. Enzyme immobilization induces mass transfer limitations hindering the adsorption 
of enzyme to the cellulose. Simultaneous saccharification and fermentation (SSF), where 
enzymatic hydrolysis and fermentation is performed in the same reactor, is a common strategy 
employed to mitigate product inhibition (Hahn-Hägerdal et al., 2006). But the lower temperature 
requirement for fermentation is not optimum for the enzymes and compromises the rate of 
enzyme hydrolysis. Therefore, a certain degree of separate enzymatic hydrolysis that combines 
enzyme recycle and reduces product inhibition might be the most feasible approach for cost-
effective production of sugars (Andrić et al., 2010b). 
Selective retention of the enzyme with simultaneous removal of the product by attaching 
a membrane to the hydrolysis reactor will be a preferred approach that can possess the 
capabilities of the enzyme recycle strategy while overcoming the limitations associated with 
product inhibition. The attachment of the membrane to the reactor is achieved in two 
configurations: internal and external. In an internal membrane bioreactor (MBR), also called 
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submerged MBR, the membrane unit is placed inside the reactor to form a single unit (Alfani et 
al., 1982; Gan et al., 2002; Ghose and Kostick, 1970). In an external MBR, the membrane unit is 
operated outside of the reactor unit (Ishola et al., 2013; Knutsen and Davis, 2004; Yang et al., 
2006). Initial research using a membrane reactor was carried out in an internal MBR fitted with 
ultrafiltration membrane using pure cellulose as the substrate. In the later research, external 
MBR is predominantly used for hydrolysis of lignocellulosic biomass where undigestible lignin 
components are separated initially using microfiltration and permeate containing enzyme was 
cutoff and recycled into reactor using ultrafiltration.  In the current research, synthetic mixture 
mimicking the qualities of the waste fines rejects from old corrugated was chosen as a substrate.  
Although the composition of the fines includes 40 % of the easily accessible sugars, 
significant quantities of mineral filler interfere with the hydrolysis. Mainly, precipitated calcium 
carbonate (PCC) provides a surface for competitive and non-productive binding of enzymes, 
hindering the hydrolysis (Min et al., 2015). Tween 80, a nonionic surfactant can be used to 
minimize the non-productive binding and promote enzymatic hydrolysis enhancement (Chu and 
Feng, 2013; Eriksson et al., 2002; Kim et al., 2007, 2006; Min et al., 2015; Wu and Ju, 1998). 
(Min et al., 2015) reported that PCC inhibited the hydrolysis by altering the pH from the optimal 
value of the hydrolysis. The inhibitory effect of PCC shifting the pH from optimal hydrolysis 
conditions could be improved by pH adjustment (PA) with acetic acid (Min et al., 2018). 
However, calcium ions created in the PA method promoted enzyme aggregation, another type of 
inhibition related to enzyme deactivation hindering the hydrolysis (Min, 2018; Wang et al., 
2012). By reducing the concentration of calcium ions, there is a potential to reduce negative 
effect of calcium ions on enzyme hydrolysis.  The operational characteristics of MBR can 
facilitate the removal of calcium ions and thus, improve hydrolysis. 
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The primary goal of this study is to improve hydrolysis yield and productivity of waste 
fines and fiber rejects from recycled linerboard paper mills using internal MBR. The proposed 
membrane bioreactor configuration is anticipated to reduce product inhibition and calcium ion 
concentration, thereby increasing the hydrolysis efficiency (yield and rate of hydrolysis). The 
effect of dilution rate, Tween 80, and membrane molecular weight cutoff (MWCO) on 
hydrolysis performance was investigated. 
 
3.2 Materials and Methods 
3.2.1 Materials 
A synthetic mixture representing the composition of fines was made by mixing 
unbleached softwood kraft pulp (USKP) and precipitated calcium carbonate (PCC, Speciality 
Minerals Inc., Bethlehem, PA) in the ratio of 7:3. This synthetic mixture was used as a model of 
paper fines for all  hydrolysis experiments. Commercial cellulase enzymes, Cellic CTec2 kindly 
provided by Novozymes, USA, was used in all enzyme hydrolysis experiments. Sodium Acetate 
was purchased from Sigma-Aldrich, St. Louis, MO. Acetic acid was purchased from Fischer 
Scientific, Fair Lawn, NJ. Sulfuric acid was purchased from Pharmco Products Inc., Brookfield, 
CT. Tween 80 was purchased from Amresco, Solon, OH. The unbleached softwood kraft pulp 
(USKP) sample was milled in Wiley Mill and screened through a 35-mesh sieve. Milled sample 
was stored in air-tight plastic bottles. 
3.2.2 Membrane Bioreactor Experimental Setup 
 
As shown in Figure 18, the membrane bioreactor experimental setup consisted of a 
membrane bioreactor, a container to enclose membrane bioreactor, a water bath, a peristaltic 
pump to exchange water between the water bath and the container, and a compressed air tank to 
36 
 
pressurize the membrane bioreactor. A dead-end ultrafiltration stirred cell, Amicon Model 8400 
(Millipore Sigma, Burlington, MA) with a maximum holding volume of 350 mL was used as a 
membrane bioreactor to perform enzymatic hydrolysis. A flat sheet polyethersulfone (PES) 
membrane (Sartorius Stedim Biotech, Goettingen, Germany) with an effective area of 4.53*10-3 
m2 was employed to retain enzymes and remove product. A stir plate was used to mix the 
contents of the membrane bioreactor by the action of the magnetic stirrer suspended in the 
reactor.  
 






Figure 19. Schematic representation of membrane bioreactor (A: Amicon cell, B: Membrane, C: 
Permeate collection, D: Water bath, E: Pressure inlet, F: Magnetic stirrer, G: Stir plate) 
 
 
3.2.3 Enzyme Hydrolysis 
 
Enzymatic hydrolysis was carried out in a membrane bioreactor with a working volume 
of 150 mL at a substrate loading of 5 % (w/v) at 50 °C. The solution was prepared using  50 mM 
sodium acetate buffer to maintain pH at 5. To determine the hydrolysis efficiencies under various 
conditions, experiments were carried with an enzyme loading of 5 FPU, 10 FPU and 15 FPU per 
gram of substrate, and PES membrane with a molecular weight cutoff (MWCO) of 10,000 Da, 







Table 4.  MBR hydrolysis conditions 
Parameter Value Units 
Solid loading rate 5 % (w/v) 
Enzyme loading rate 5 / 7.5 / 10 / 15 FPU/g substrate 
Working volume 150 mL 
Membrane MWCO 10 / 30 / 50 kDa 
pH 5  
Temperature 50 °C 
Dilution rate 0.25 / 0.5 h-1 
 
 
Except for control, all experiments were carried out in a fed-batch mode with the 
supplementation of buffer only every 1 hour. All of the substrate and enzyme were loaded at the 
start of the hydrolysis. The hydrolysis products were removed by applying pressure at the 
intervals of 1 hour, and an equal amount of buffer was loaded to maintain a constant volume. 
The amount of product removed can be defined by dilution rate, equation (1). Hydrolysis 
experiments were carried out for 12 hours at dilution rates of 0.25 h-1 and 0.5 h-1. Hydrolysis 
yields and productivity at each hour was calculated according to the equation 2 and equation 3, 
respectively. 








Here, 𝑓𝑄 is a dilution rate given as the ratio of the dilution flow, 𝑄𝐷 (L/h) to the reactor volume, 
𝑉𝑅, (L). 
𝑌 =  
𝑚𝑅𝑆 ∗  0.9
𝑚𝑆
  
( 2 ) 
 
Where, Y is the hydrolysis yield, given as a ratio of cumulative mass of released reducing sugar, 








( 3 ) 
 
Productivity, P is the rate of sugar formation in the reactor. The units of productivity are mg L-1 
min-1. mp is the mass of sugar released, VR is the volume of the reactor, and t is the time. The 
time derivative can be approximated by a finite difference equation and the reactor volume (VR) 







( 4 ) 
 





3.2.4 Analytical Methods 
 
The pulp composition was analyzed using biomass analytical procedures of US National 
Renewable Energy Laboratory (NREL) (Sluiter et al., 2008). 300 ± 10 mg of wheat straw was 
dissolved in 3 ± 0.01 mL of 72% sulfuric acid and incubated at 30 °C for 60 minutes. The acid 
concentration was diluted to 4% by addition of 84 ± 0.04 g distilled water and tubes were 
inverted several times to eliminate phase separation. Hydrolysis solution was vacuum filtered to 
collect the acid insoluble lignin. The hydrolysate was collected and measured for acid soluble 
lignin. Solids remaining in the pressure tubes were carefully transferred to the filter crucible by 
adding the required amount of distilled water. The acid insoluble lignin was measured by drying 
the crucibles containing solid in the oven at 105 °C. The acid soluble lignin was measured in UV 
- Visible spectrophotometer (GENESYS 50) at 278 nm. Structural carbohydrates and acetic acid 
were determined by NMR. 
Reducing sugars, glucose and xylose in the hydrolysate were quantified using Nuclear 
Magnetic Resonance (NMR) spectroscopy. Glucosamine HCl (0.2 M) dissolved in deuterium 
oxide was used an internal standard. Internal standard (100 µL) and hydrolysate (900 µL) were 
added to the NMR tube and mixed thoroughly by vortexing. The concentrations of the individual 
sugars were measured by comparing with the calibration curves of glucose and xylose. 
Cellulase activity in terms of filter paper units (FPU) was measured according to the 
National Renewable Energy Laboratory (NREL) method (Adney and Baker, 2008). Whatman 
No. 1 filter paper strip (50 mg) used as a substrate was saturated with 1 mL 0.05 M sodium 
acetate buffer, then equilibrated to 50 °C. A set of dilute enzyme solutions were made, with one 
dilution targeted to release slightly more than 2 mg of glucose and one slightly less than 2 mg of 
glucose. Simultaneously, glucose standards and enzyme blanks were prepared. 0.5 mL of these 
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diluted enzyme solution were added to saturated solution and were incubated at 50 °C for 60 
minutes along with glucose standards and enzyme blanks. The reaction was terminated by adding 
3 mL of DNS reagent, boiled for 5 minutes in vigorously boiling water to develop color 
formation followed by ice cooling. Absorbance was measured at 540nm. Using the standard 
curve, amount of glucose released from each enzyme assay tube were determined. Filter paper 
activity was calculated using equation (4) 
𝐹𝑃𝑈 =  
0.37
𝐸𝑛𝑧𝑦𝑚𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑒𝑙𝑒𝑎𝑠𝑖𝑛𝑔 2 𝑚𝑔 𝑜𝑓 𝑔𝑙𝑢𝑐𝑜𝑠𝑒  




( 5 ) 
 
3.2.5 Experimental Runs 
All experiments were conducted in duplicate. The mean values are reported in results.  
3.3 Results and Discussion 
 
We first investigated the feasibility of reducing product inhibition using the membrane bioreactor 
configuration (MBR) and its dependence on the dilution flow as the key variable. After 
establishing the feasibility, we studied the impact of other reactor and separation variables 
including the substrate, enzyme loadings and different separation membranes. 
 
3.3.1 Composition of the Pulp 
 
 The composition of the unbleached softwood kraft pulp was determined based on a two-
stage acid hydrolysis, and the carbohydrates were analyzed using HPLC. From the compositional 
analysis, the amount of individual carbohydrates per gram of pulp was determined to be in the 
range of  363 – 547 mg glucose, and 101 – 134 mg xylose. 
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3.3.2 Preliminary Experiments 
 
A preliminary set of  hydrolysis experiments were conducted with the unbleached 
softwood kraft pulp as the substrate  at a dilution rate of 0.5 h-1 and an enzyme loading rate of 7.5 
FPU/ g substrate to check if product inhibition could be minimized by the dilution.  A control 
experiment without any dilution was conducted at the same time. The conditions for this 
experiment are summarized in Table 4. Samples of the hydrolysate were drawn at even intervals 
(from 1 to 2 h) and the composition of  reducing sugars were measured. Hydrolysis yield and 
productivity were calculated using equation 2 and  equation 3 respectively. It can be observed 
that dilution resulted in an increase in the hydrolysis yields at various times. After 5h, the yield 
increase is 15.6% and after 11 h, this has increased significantly by 43.2% over the case where 
there is no dilution. Thus, the operation of the reactor with continuous membrane separation 
appears to boost hydrolysis yields significantly. This increase in hydrolysis yield resulted in 
reduction of product inhibition due to the continuous flush of the glucose from the reactor. Figure 
21 shows the reactor productivity, P measured at  different times, calculated using equation (3). 
The productivity of the reactor in the MBR configuration is consistently higher than that with no 
dilution, although the increase is small. Figure 22 shows the concentration of reducing sugars in 
the reactor measured at different times. In the control experiment, this concentration is 7 g/ L and 
11 g/L  after 5 hours and 11 hours of hydrolysis, respectively. Smith et al., (2010) reported that 
when the glucose concentration increases from 7.5 g/L to 11 g/L, the product conversion rate 
was reduced by about 30 to 35 % due to product inhibition. The current results agree with their 
findings and further confirm that MBR can be used to achieve efficient hydrolysis by reducing 
product inhibition. It is important to note that, although the hydrolysis yield and reactor 
productivity were  improved using the MBR configuration, however, the sugar concentration  is 
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lower (2 g/L in the MBR vs. 11 g/L in the undiluted case). Therefore, an additional concentration 
step using RO may be necessary.  
 
Figure 20. Hyrdolysis yield as a function of time. Effect of dilution rate. Squares are control 
experiment (no dilution), and triangles are dilution rate experiment. Other conditions as in Table 4.  
 
 
Figure 21. Productivity as a function of time. Effect of dilution rate. Squares are control 
experiment (no dilution), and triangles are dilution rate experiment. Other conditions as in Table 4 
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Figure 22. Reducing sugar concentration as a function of time. Effect of dilution rate. Squares are 
control experiment (no dilution), and triangles are dilution rate experiment. Other conditions as in 
Table 4. 
 
3.3.3 Effect of Dilution Rate on Hydrolysis 
 
From the earlier set of experiments, the dilution rate has been established to increase 
yield and productivity with reduced sugar concentration within the reactor. Since the dilution rate 
is a key variable, we studied the impact of varying this parameter on the hydrolysis of the pulp 
fibers. 
The experiments were conducted at dilutions of 0, 0.25 and 0.5 h-1. All experiments were 
performed for 11 hours at 5% solid concentrations, and 7.5 FPU/ g enzyme loadings. The 
conditions are summarized in Table 4. Figure 23, depicts the hydrolysis yield as function of time 
for different dilution rates. The results show that the product yield increased from 17.8 % to 25.5 
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corresponds to an increase in hydrolysis yield by 24.1 % and 43.2 % at 0.25 h-1 and 0.5 h-1, 
respectively, compared to batch hydrolysis.  
Although 0.5 h-1 resulted in the higher yield, product removal, and buffer replenishment 
in the fed-batch operation consumed 10 – 15 min of the hydrolysis time every hour. This not 
only compromised the hydrolysis time but is also susceptible to errors in hydrolysis yield and 
productivity calculations. Hence, the dilution rate of 0.25 h-1 was chosen for conducting the 
further MBR hydrolysis experiments.  
 
 
Figure 23. Hydrolysis yield and productivity as a function of dilution rate. Solid shapes are 
hydrolysis yield, hollow shapes are productivity. Squares are control experiment (no dilution), 
diamonds are 0.25 h-1 dilution rate experiment, and triangles are 0.5 h-1  dilution rate experiment . 
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Figure 24. Reducing sugar concentration as a function of dilution rate. Squares are control 
experiment (no dilution), diamonds are 0.25 h-1 dilution rate experiment, and triangles are 0.5 h-1  
dilution rate experiment . Other conditions as in Table 4. 
 
It can be observed from Figure 24, that a higher dilution rate resulted in lower reducing 
sugar output concentration, and peak concentrations occurred between 2 to 4 hours at a dilution 
rate of 0.25 h-1. The trend is similar to those obtained for hydrolysis of sodium-hydroxide-
pretreated sallow and steam-exploded rice straw (Ohlson et al., 1984; Yang et al., 2006). Yang et 
al. (2006) reported that both hydrolysis yield and reducing sugar output concentration increased 
as the dilution rate increased from 0.057 h-1 to 0.075 h-1. However, when the dilution rate was 
increased from 0.075 h-1 to 0.25 h-1, although hydrolysis yield increased, reducing sugar output 
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3.3.4 Effect of Calcium Ions on Hydrolysis 
 
 The combination effect of dilution rate and the presence of calcium ions on hydrolysis 
yields at an enzyme loading of  7.5 FPU/ g substrate are presented in Figure 25. As evident from 
Figure 25, the presence of calcium ions decreased the hydrolysis yield by 19.3 % and 28.6 % in 
the batch process and fed-batch process, respectively. The rate of hydrolysis and productivity 
also decreased in the presence of calcium ions for both cases of control and MBR experiment.  
The negative effects of calcium ion on hydrolysis yield and productivity is due to the binding of 
calcium ions to cellulases, which promotes the aggregation of proteins (Min, 2017; Pal et al., 
2001). This aggregation might have decreased the access of free protein to the cellulose chain.  
  
Figure 25. Effect of calcium ions on hydrolysis yield and productivity. Solid shapes are hydrolysis 
yield, hollow shapes are productivity. Squares are pulp hydrolysis experiment (no dilution), diamonds 
are 0.25 h-1 dilution rate pulp hydrolysis experiment, triangles are pulp hydrolysis experiment in 
presence of calcium ions (no dilution), and circles are 0.25 h-1 dilution rate pulp hydrolysis experiment 
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Figure 26. Effect of surfactant on hydrolysis yield and productivity.  Solid shapes are hydrolysis 
yield, hollow shapes are productivity. Squares are pulp hydrolysis experiment with tween 
addition, diamonds are pulp hydrolysis experiment in the presence of calcium ions with tween 
addition, triangles are pulp control experiment, and circles are pulp control experiment in the 
presence of calcium ions. Other conditions as in Table 4. 
 
Previous studies have shown that addition of nonionic surfactants like Tween 80 
enhanced the hydrolysis performance of mixed office waste  newspaper by minimizing 
nonproductive and irreversible binding of cellulases to lignin  (Chu and Feng, 2013; Eriksson et 
al., 2002; Kim et al., 2007, 2006; Wu and Ju, 1998). Min (2016) reported that the addition of 
Tween 80 alleviated the inhibitory effect of calcium carbonate on waste fines hydrolysis. 
Therefore, hydrolysis performance of USKP in the presence of  Tween 80 and calcium ions were 
also studied. From Figure 26, the addition of Tween 80 to USKP devoid of calcium ions 
improved the hydrolysis yield by 32.2 %, whereas in the presence of calcium ions, hydrolysis 
yield improved by just 11.9 %. This increased hydrolysis yield in the presence of Tween 80 
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accessibility of enzymes to the substrate. However, although lignin binding sites are covered by 
Tween 80, the presence of calcium ions at higher concentrations promoted aggregation, reducing 
the availability of enzyme to the substrate (Min et al., 2018). 
  
Figure 27. Effect of surfactant and dilution rate on hydrolysis yield and productivity. Solid shapes 
are hydrolysis yield, hollow shapes are productivity. Squares are pulp hydrolysis experiment in 
the presence of calcium ions (no dilution), diamonds are pulp hydrolysis experiment in presence 
of calcium ions with tween addition(no dilution), triangles are 0.25 h-1 dilution rate pulp 
hydrolysis experiment in the presence of calcium ions, and circles are 0.25 h-1 dilution rate pulp 
hydrolysis experiment in the presence of calcium ions with tween addition. Other conditions as in 
Table 4. 
 
Figure 26, shows the impact of the addition of Tween 80 on hydrolysis yield. It appears 
that the surfactant did not improve the hydrolysis yield in the presence of calcium ions. 
Therefore, the effect of another variable, the dilution rate on hydrolysis in the presence of 
calcium ions was explored. The results shown in Figure 27, indicate that the addition of Tween 
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0.25 h-1, the addition of Tween 80 improved the hydrolysis yield by 26.5 %. The combination of 
decreasing product inhibition and calcium ion concentration depletion at 0.25 h-1 resulted in the 
higher hydrolysis yield. 
3.3.5 Effect of Membrane MWCO on hydrolysis  
 
 The molecular weight of enzymes in the cellulase cocktail mixture approximately range 
from 46 to 120 kDa (Haven and Jørgensen, 2013; Jäger et al., 2010; Kumar and Murthy, 2017). 
Most of the membrane bioreactors reported in the literature operated with polyethersulfone 
membrane with a MWCO range of 10 kDa – 50 kDa (Alfani et al., 1983; Bélafi-Bakó et al., 
2006; Knutsen and Davis, 2004; Lee and Kim, 1993; Smith et al., 2010). Membranes with lower 
MWCO are energy intensive and susceptible to membrane fouling. Therefore, hydrolysis as a 
function of MWCO was explored to determine the optimal membrane. Hydrolysis profiles using 
different MWCO (10, 30, 50 kDa) at an enzyme loading of 5, 10 and 15 FPU/g substrate are 
illustrated  in Figure 28, Figure 29 and Figure 30, respectively. From Figure 28, at an enzyme 
loading rate of 5 FPU/g substrate, the dilution rate negatively affected the hydrolysis yield. 
Membrane with a lower MWCO produced better hydrolysis yields. Although it is anticipated that 
the dilution rate reduces the product inhibition, at lower concentrations, the filtration operation 
might have promoted binding of the enzyme to the membrane surface, reducing the availability 
of enzyme in the bulk solution. The hydrolysis yields were 15.5 % and 17.6 % for 10 kDa and 
control experiments, respectively after 11 hours of hydrolysis. The membrane with higher 
MWCO resulted in a 30.2 % less hydrolysis yield compared to the control experiments. This 
might be due to the leakage of the enzyme during filtration (i.e. incomplete retention of the 





Figure 28. Effect of membrane MWCO on hydrolysis yield and productivity at 5 FPU/g substrate. 
Solid shapes are hydrolysis yield, hollow shapes are productivity. Squares are control experiment 
(no dilution), diamonds are dilution rate experiment with 10 kDa MWCO membrane, triangles are 
dilution rate experiment with 30 kDa MWCO membrane, and circles are dilution rate experiment 
with 50 kDa MWCO membrane. Other conditions as in Table 4. 
 
 From Figure 29, the membrane with lower MWCO favored the hydrolysis yield at 10 
FPU/ g substrate. This is due to the higher enzyme rejection coefficient for the membrane with 
lower MWCO. The hydrolysis yield increased by 12.8 % and 24.8 % with 30 kDa and  10 kDa 
membranes, respectively. At 10 FPU/ g substrate enzyme loading, the amount of enzyme 
adsorbed to the membrane surface might be trivial compared to the bulk solution. At 15 FPU/ g 
substrate enzyme loading, the hydrolysis was not affected by the membrane MWCO. The 
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Figure 29. Effect of membrane MWCO on hydrolysis yield and productivity at 10 FPU/g 
substrate. Solid shapes are hydrolysis yield, hollow shapes are productivity. Squares are control 
experiment (no dilution), triangles are dilution rate experiment with 10 kDa MWCO membrane, 
and diamonds are dilution rate experiment with 30 kDa MWCO membrane. Other conditions as 
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Figure 30. Effect of membrane MWCO on hydrolysis yield and productivity at 15 FPU/g 
substrate. Solid shapes are hydrolysis yield, hollow shapes are productivity. Squares are control 
experiment (no dilution), diamonds are dilution rate experiment with 10 kDa MWCO membrane, 






This investigation showed that the application of an integral membrane reactor 
configuration is likely to give higher yields and reactor productivity in terms of conversion rate 
of the substrate per unit reactor volume as compared to a standard batch or continuous stirred 
tank configuration. The principal advantage appears to be the reduction if not elimination of 
product inhibition by the dilution flow of the MBR configuration. The kinetic data on yield, 
product concentration and reactor productivity increases are similar to those obtained for such 
membrane bioreactor configurations applied to enzymatic and other reaction processes.  
An interesting feature of the fines and fiber hydrolysis system is the presence of 
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reaction suspension. This would necessitate a more complex separation sequence, but our 
experimental results show the advantages of the application of ultrafiltration membranes to 
separate the enzyme and surfactants to reduce product inhibition. We briefly recapitulate some of 
the key results found with this experimental program. At an enzyme loading rate beyond 7.5 
FPU/ g substrate, hydrolysis performance increased in membrane bioreactor. The improvement 
in hydrolysis performance is proportional to the dilution rate. Membrane with lower MCWO 
provided better hydrolysis performance. At a higher enzyme loading rate of 15 FPU/ g substrate, 
hydrolysis performance is indistinguishable between 10 kDa and 30 kDa membranes. Tween 80 
didn’t improve the hydrolysis yield in presence of calcium ions. 
The experimental data can be used to construct a model for the reaction-separation 
sequence and optimization of the hydrolysis process can be achieved using the data established 
in this chapter. This is left for future work in this area. The next two chapters focus on the 
development of a complete enzyme recycle process that can be integrated with the membrane 

















Production of fuel or chemicals from lignocelluloisc biomass via biological conversion 
consists of three critical steps: pretreatment of biomass (decrease the structure recalcitrance), 
hydrolysis of sugar polymers (conversion to sugar monomers) and lastly conversion of sugar 
monomers to fuel or chemicals. The cost of enzymes involved in hydrolysis of sugar polymers to 
sugar monomers is substantial (Johnson, 2016). For instance, the contribution of enzyme costs to 
the production cost of cellulosic ethanol varies from  $ 0.39 to $ 0.78 per gallon, an equivalent of 
15% to 28% of the selling price (Humbird et al., 2011; Johnson, 2016; Klein-Marcuschamer et 
al., 2012). Therefore, the industrial and academic researchers have engaged in identifying 
approaches, such as improving hydrolysis efficiency through use of additives or accessory 
enzymes, improve enzyme activities, design synthetic cocktails, etc., to reduce these enzymes 
costs. Improving the biocatalytic productivity by recycling of the enzymes in the biorefinery 
remains another attractive option to pursue (Jørgensen and Pinelo, 2017). A variety of enzyme 
recycling strategies, particularly for cellulases applied in the hydrolysis of the lignocellulosic 
biomass have been investigated in the past (Gomes et al., 2015; Jørgensen and Pinelo, 2017). 
Some of the common enzyme recycle strategies are shown in the flow scheme given below in 




Figure 31. Enzyme recycle strategies. Adapted from (Jørgensen and Pinelo, 2017) 
 
Commercial enzymes are formulations of several enzymes tailored to specific classes of 
biomass and to accomplish cellulose or hemicellulose deconstruction along precise pathways. 
These cellulase formulations deploy  a broad spectrum of enzymes: endoglucanases (EG; EC 
3.2.1.4), cellobiohydrolases (CBH; EC 3.2.1.91), and β-glucosidases (BG; EC 3.2.1.21), that 
work synergistically (Horn et al., 2012; Kumar and Murthy, 2016; Rodrigues et al., 2015). After 
hydrolysis, cellulases are either released into the liquid fraction, or remain adsorbed on the solid 
residue (Pribowo et al., 2012; Shang et al., 2014). Soluble cellulases in the liquid fraction have 
been efficiently recovered using ultrafiltration or by adsorbing the enzymes onto the fresh 
substrate. Lu et al. (2002) employed ultrafiltration to recover enzyme in the liquid fraction and 
reported that the enzyme remained relatively active for three rounds of recycle. Using 
ultrafiltration, Qi et al. (2012) reported 73.9% of cellulose protein recovery from the liquid 
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fraction after hydrolysis using ultrafiltration. However, operational costs and membrane fouling 
are the limitations for this strategy (Mores et al., 2001). Chen et al. (2013) applied an electric 
field to depolarize the membranes and increased the permeate flux. Another method is to simply 
add fresh substrate to the filtrate containing the cellulases (Ouyang et al., 2013; Tu et al., 2007a). 
After conducting hydrolysis of biomass, the solids are separated using centrifugation or filtration, 
and are suspended in a buffer solution for the next round of hydrolysis. It was found however 
that the  β-glucosidases, needed to be added owing to  their lower affinity to adsorb onto the 
substrates.  About 88% of the total protein content in the liquid phase was recovered employing 
this method (Tu et al., 2007b).  
Recent research on the efforts and challenges of recycling of cellulase enzymes from 




Table 5. Enzyme recovery from lignocellulosic hydrolysates.  
Reference Substrate Enzyme Recovery method Protein Recovery 
Liquid Recycle 
Tu et al. (2007b) Organosolv  pretreated 
Douglas fur 





85% protein activity 
recovered 
Qi et al. (2012) Steam exploded wheat straw Cellulase Ultrafiltration 74% 








Shang et al. 
(2014) 




Tu et al. (2009) Ethanol pretreated Mixed 
softwood 
Celluclast 0.5% Tween 80 90% 
Zhu et al. (2009) Dilute acid pretreated corn 
stover 
Spezyme CP Alkali elution 56% 
72% ethylene glycol 76 % 
1M NaCl 6% 
Shang et al. 
(2014) 
Milled Corncob Spezyme CP Alkali elution 83% 
 
80% cellulase activity 




Celluclast 1.5 FG L and 
Cellic 
Alkali elution 16% of Cel7A and 13% 
of Cel7B  for Celluclast 
 
58% of Cel7A and 35% 




The techniques cover the spectrum of solution separations including membrane filtration, 
ultra centrifugation and different adsorption techniques using the biomass itself as the substrates. 
Cellulases bound to the solid residue can also be recovered either by shifting the pH or by the 
addition of displacing solutes as in chromatography. An increase in the pH of the solution to 10 
can release upto 94% of the bound enzymes to the solid residues as was shown by (Du et al., 
2012; Otter et al., 1989, 1984; Shang et al., 2014; Zhu et al., 2009). Although the conformational 
changes in the structure of Cel7A (cellobiohydrolases I) were determined to occur at pH 10, the 
changes were reversed when the pH of the solution was changed back to 4.8 (Rodrigues et al., 
2012). Surfactants like Tween 80, Tween 20, Triton X-100, other solutes like polyethylene 
glycol (PEG) and glycerol compete with cellulases for adsorption sites in lignin-rich residues and 
were reported to enhance the desorption of cellulases (Börjesson et al., 2007; Eriksson et al., 
2002; Pribowo et al., 2012; Bálint Sipos et al., 2010; Tu et al., 2009, 2007a; Zhu et al., 2009). 
Deshpande and Eriksson (1984) investigated the use of phosphate buffer and urea to desorb 
cellulases bound to the lignocellulosic biomass. 
The present study was conducted to assess the separation of cellulase enzymes from the 
residual suspension of waste paper fines after their hydrolysis. The separation of unadsorbed 
enzyme from the residual solids of waste paper hydrolysis can allow the enzyme to be recycled 
in a controlled manner. 
 Since most of the earlier research has concentrated on membrane filtration which is 
always hampered by flux declines and lost productivity by membrane fouling and concentration 
polarization effects, the present objective was to identify a suitable adsorbent which could bind 
the cellulases from solution and also a displacer or elutant solute that could displace previously 
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bound cellulases to make them available for reuse. The residual activity of the enzyme is also of 
a concern and will be investigated. 
 Cellulases have been adsorbed on ferric and manganese nanoparticles for immobilization 
(Cherian et al., 2015; Ingle et al., 2017). A reduction in enzyme activity has been found. 
Redissolution i.e. elution of the enzyme was not determined. Cellulases are known to adsorb 
strongly onto both organic and metal surfaces. Under acidic conditions (pH 5), cellulases are 
negatively charged but their hydrophobic and van der Waals interactions dominate in most 
adsorption phenomena. Thus, strong adsorption onto negatively charged surfaces may also be 
found. Adsorbents which can attach hydrophobic molecules, in particular the recently 
investigated class of zeolites (known as zeolite-β) offer an interesting possibility for cellulase 
adsorption and thereby recycling.  
Several studies separating amino acids (L-arginine, L-phenylalanine, lysine, glutamic acid) 
from aqueous solutions using zeolite β have been reported (Chiku et al., 2003; Krohn and 
Tsapatsis, 2005; Munsch et al., 2001). Proteins (bovine serum albumin, cytochrome c, 
hemoglobin, γ-globulin) adsorbed at their isoelectric points to zeolite were displaced by PEG 
(Chiku et al., 2003), where conventional eluents like 2.5 M NaCl, 2 % Nonidet P-40, 1 % Triton 
X-100, 0.5 % Tween 20, 0.2% Sodium dodecyl sulfate were much less effective. It was also 
reported that proteins retained their activities during this PEG facilitated recovery process. 
Zeolite β was also employed for selective adsorption of microbes, removal of emerging 
contaminants like tris-2-chloroethyl phosphate from aqueous solutions, potentiometric 
biosensors development by coimmobilization of enzymes with zeolite on pH-ion-sensitive field-
effect transistor (Grieco and Ramarao, 2013; Kubota et al., 2008; Soldatkin et al., 2015).    
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This study explores the scope of zeolite β to recycle cellulases from the liquid fraction of the 
hydrolysate. The objectives of this research include establish cellulase adsorption isotherms at 
working temperature and pH conditions of typical hydrolysate solutions. The purpose is to 
provide an understanding of the prominent factors affecting adsorption including electrostatic or 
other interactions (hydrophobic, steric and van der Waals).  Other objectives include 
•  Recover adsorbed enzyme by different methods including (a) introducing a pH shock, 
(b) the use electrolytes (NaCl) as an elutant, (c) The use of Poly-Ethylene Glycol (PEG) 
as an elutant 
• Evaluate the activity of the recovered enzyme 




Zeolite β donated by Zeolyst International, Kansas City, KS, was used as an adsorbent. 
The ratio of SiO2/Al2O3 and surface area of Zeolite β was 25 and 680 m
2/g, respectively. CTec2 
kindly provided by Novozymes, USA, was used in all enzyme hydrolysis experiments. Bovine 
Serum Albumin (BSA), Coomassie Brilliant Blue G-250, Avicel PH-101, Sodium Acetate, and 
2,5-Dinitro salicylic acid were purchased from Sigma-Aldrich, St. Louis, MO. Ethanol 190 proof 
and hydrochloric acid (HCl) were purchased from Pharmco, Shelbyville, KY. Phosphoric acid 
was purchased from Macron Fine Chemicals. Polyethylene glycol (PEG) having molecular 
weighs 200, and 20000 Da were purchased from Alfa Aesar, Ward Hill, MA. Sodium hydroxide 
was purchased from J. T. Baker, Phillipsburg, NJ. Sodium potassium tartrate and acetic acid 
were purchased from Fischer Scientific, Fair Lawn, NJ. Tris base was purchased from Chem-
Impex International, Wood Dale, IL. Unbleached softwood kraft pulp (USKP) sample was 
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milled in Wiley Mill and screened through a 35-mesh sieve. Milled sample was stored in air-tight 
plastic bottles. 
4.2.2 Protein Quantification 
Bradford assay was used to quantify the protein content of the enzyme solution. Bradford 
reagent was prepared by dissolving 100 mg of Coomassie Brilliant Blue G-250 in 50 mL of 95% 
ethanol. The solution was then mixed with 100 mL of 85% phosphoric acid and volume adjusted 
to 1 L with distilled water (Kruger, 1994).  
A BSA stock solution of 1 mg/mL was prepared by dissolving 10 mg of BSA protein in 
10 mL of distilled water. For calibration curve, 200, 400, 600 and 800 µL of BSA stock solution 
was pipetted and mixed with 800, 600, 400 and 200 µL of distilled water to make 0.2, 0.4, 0.6 
and 0.8 mg/mL of BSA protein solutions. The samples were mixed in a centrifuge by gentle 
vortexing. 60 µL of these sample solutions were added to 3 mL of Bradford reagent in a cuvette 
and the contents were mixed by inversion. After 20 min, absorbance of the mixture was 
measured using GENESYS 50 UV-Vis spectrophotometer at 595 nm. A calibration curve is also 
constructed for Cellic Ctec2 to quantify protein in adsorption and desorption experiments . 
4.2.3 Adsorption of CTec2 by Zeolite 
 
All the adsorption experiments were conducted in 125 mL Erlenmeyer flasks.  For 
adsorption isotherm experiments,  50 mL of CTec2 solutions (0.7, 1.43, 2.15, 2.61, 3.39 and 8.12 
mg/mL) were prepared by adding appropriate amount of original CTec2 solution to 0.05 M 
sodium acetate buffer (pH 5). In all experiments, 500 mg of zeolite was added to the enzyme 
solution and the contents were mixed for 15 minutes using Precision shaker bath adjusted to 25 
°C and 120 rpm. At the end of mixing, the mixture was centrifuged at 4000 rpm for 5 min to 
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separate liquid and solid fractions. The protein content in supernatant (liquid) was determined 
using Bradford assay, as described in the previous section. The amount of protein adsorbed on to 
zeolite is calculated by subtracting the amount of protein in supernatant from total protein used 
in the experiment. The supernatant was discarded, and the zeolite-enzyme complex precipitated 
to the bottom of the centrifuge tube was used in desorption experiments. For all other adsorption 
experiments, 500 mg of zeolite was  suspended in 50 mL of enzyme solution. 
4.2.4 Desorption of CTec2 from Zeolite 
 
To separate enzyme from the zeolite, desorption experiments were carried out by 
suspending the Zeolite-enzyme complex in 50 mL of desorption solution. The desorption 
solutions tested in this work include: PEG 200 (0.05 M, 0.25 M, 0.50 M), PEG 20000 (0.05 mM, 
0.25 mM, 0.50 mM), 50 mM tris HCl (pH- 7, 8, 9), NaCl solution (0.01, 0.1, 1) M (Rodrigues et 
al., 2012). For PEG and NaCl solutions, appropriate amount of PEG and NaCl were added to 
0.05 M sodium acetate buffer adjusted to pH 5. For tris HCl buffer, pH was adjusted using HCl. 
The suspension was carried by vigorous mixing of contents in a 50 mL centrifuge tube. Upon 
vortex, the contents were left undisturbed for 30 minutes. The mixture was centrifuged and the 
protein content in the supernatant was quantified using Bradford assay. Enzyme recycle yield 
defined as the amount of protein recovered from the enzyme solution was reported. 
4.2.5 Reducing Sugar Determination 
 
Concentrations of reducing sugars in the hydrolysate were determined using DNS assay. 
Test solution and DNS reagent were added to the test tubes in the ration of 1:4. The test tubes 
were placed in boiling water bath for exactly 5 min. The tubes were then transferred to ice bath 
to cool down the contents rapidly (Saqib and Whitney, 2011). 0.2 mL of the reacted solution was 
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mixed with 2.5 mL of distilled water and absorbance was measured at 540 nm using GENESYS 
50 UV-Vis spectrophotometer.  
DNS reagent was prepared as follows: 10 g of 2,5-dinitro salicylic acid and 300 g of 
sodium potassium tartrate was dissolved in 800 mL of 0.5 N NaOH by gentle heating. The 
solution volume was then adjusted to 1000 mL using distilled water (Coughlan and Moloney, 
1988; Saqib and Whitney, 2011). 
4.2.6 Enzyme Activity Assay 
 
Cellulase activity (FPU) was measured according to the National Renewable Energy 
Laboratory (NREL) method (Adney and Baker, 2008). 50 mg Whatman No. 1 filter paper strip 
used as a substrate was saturated with 1 mL 0.05 M sodium acetate buffer, then equilibrated to 
50 °C. A set of dilute enzyme solutions were made, with one dilution targeted to release slightly 
more than 2 mg of glucose and one slightly less than 2 mg of glucose. Simultaneously, glucose 
standards and enzyme blanks were prepared. 0.5 mL of these diluted enzyme solution were 
added to saturated solution and were incubated at 50 °C for 60 minutes along with glucose 
standards and enzyme blanks. The reaction was terminated by adding 3 mL of DNS reagent, 
boiled for 5 minutes in vigorously boiling water to develop color formation followed by ice 
cooling. Absorbance was measured at 540nm. Using the standard curve, amount of glucose 
released from each enzyme assay tube were determined. Filter paper activity was calculated 
using equation 
𝐹𝑃𝑈 =  
0.37
𝐸𝑛𝑧𝑦𝑚𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑒𝑙𝑒𝑎𝑠𝑖𝑛𝑔 2 𝑚𝑔 𝑜𝑓 𝑔𝑙𝑢𝑐𝑜𝑠𝑒  








4.2.7 Statistical Analysis 
All experiments were conducted in triplicate, and the error bars represent 95 % 
confidence interval. In some cases, the standard deviation was very small and the error was 
insignificant.  
4.2.8 Zeolite and Enzyme Surface Charge Measurements 
Zeta potential of zeolite and enzyme were measured at pH 4, 5, and 6 using surface 
charge analyzer (Zetasizer Ultra, Malvern Panalytical) at Syracuse Biomaterials Institute, 
Syracuse University. 
4.3 Results and Discussion 
 
4.3.1 Protein Content 
 
The protein content and enzyme activity of the CTec2 used in this work was measured to 
be 60 ± 5 mg/mL and 94 ± 4 FPU/ mL. The measured protein concentration is in agreement with 
the values reported by other researchers (Cai et al., 2019).  
4.3.2 Adsorption Isotherms 
 
Enzyme solutions with protein concentrations ranging from 0.7 to 8.12 g/L were tested in 
adsorption experiments to construct adsorption isotherm. The amount of protein adsorbed onto 
zeolite had attained equilibrium in 15 minutes. At 15 min, adsorption isotherm illustrated in 
Figure 32 was constructed by plotting equilibrium adsorption (qe) against protein concentration 
(c) at pH 4, 5 and 6. The adsorption isotherm data were fitted to the Langmuir isotherm model, 
equation 2 to calculate maximum adsorption (qm) and equilibrium constant (KL) (Ayawei et al., 
2017; Grieco and Ramarao, 2013). 
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From Table 6, the adsorption affinity, KL of the enzyme increased from 0.19 L.g
-1 to 0.28 
L.g-1 as pH is decreased from 6 to 4. The maximum binding, qm values are 210*10
-3 g/g and 
181*10-3 g/g at pH 4 and pH 6, respectively. To understand the adsorption isotherm behavior, the 
interaction between enzyme and zeolite were studied by measuring surface charge at different 
pH.  
Table 6. Langmuir isotherm constants at different pH 
pH Maximum binding 





4 210 0.28 0.9795 
5 173 0.22 0.8436 






Figure 32. Adsorption Isotherm as a function of pH. Squares are experimental data at pH 4, 
triangles are experimental data at Ph 5, and diamonds are experimental data at pH 6. Smooth 
curves are best fits of Langmuir Isotherm according to Eq. (2). 
 
4.3.3 Enzyme-Zeolite Interaction 
 
Enzyme-Zeolite interaction at pH 4, 5, and 6 was studied to understand the 
physicochemical properties of adsorption. Although a comprehensive model of adsorption 
equilibrium based on bi-component Langmuir equation and random sequential adsorption model 
is ideal, the Langmuir curves given here are meant as a reference for visual guidelines.  
It can be observed from Table 7, at higher pH, the charge on the zeolite increased due to 
the dissociation of ammonium ions from the surface, creating a higher net negative charge. Also, 
enzymes tend to acquire more anionic charges due to higher dissociation of the acids at higher 
pH. Although both zeolite and enzyme are anionic at pH 6, strong adsorption occurred. 
Therefore, this adsorption is not driven by electrostatic interactions. It is likely that enzyme 






















pH 4 pH 5 pH 6
pH 4 pH 5 pH 6
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effects. This is also supported by the fact that increasing salt concentration did not desorb the 
enzyme significantly as compared to PEG.  
Increased electrical double layer repulsions might have accounted for a reduction in 
adsorption as pH is increased from 4 to 6 (Chiku et al., 2003). The amount of protein adsorbed 
onto zeolite decreased from 46 ± 0.4 to 33 ± 3.3 mg per gram of adsorbent.  
Table 7. Effect of pH on adsorption of enzyme onto zeolite. 
pH Zeta potential, mV Equlibrium adsorption, qe                       
x 10-3  g/g Enzyme Zeolite 
4 -2.56 -25.1 46 ± 0.4 
5 -5.26 -27.7 37 ± 1.1 
6 -7.56 -29.3 33 ± 3.3 
 
 
Various studies have reported that the addition of PEG reduced the unproductive binding 
of cellulase to the substrate (Börjesson et al., 2007; Qing et al., 2010; Bálint Sipos et al., 2010). 
\Chiku et al. (2003) recovered BSA protein adsorbed onto zeolite with SiO2/Al2O3 ratios ranging 
from 5.7 to 27.4 using PEG. They also reported that lower concentration of higher molecular 
weight PEG resulted in higher desorption compared to a higher concentration of lower molecular 
weight PEG. Therefore, PEG 200 with concentrations 0.05 M, 0.25 M and 0.5 M, and PEG 
20000 with concentrations 0.05 mM, 0.25 mM, and 0.5 mM were used to construct adsorption 




Figure 33. Adsorption Isotherm at pH 5 and PEG 200. Squares are experimental data at 0.5 M 
PEG, triangles are experimental data at 0.25 M PEG, diamonds are experimental data at 0.05 M 
PEG, and circles are experimental data at no PEG. Smooth curves are best fits of Langmuir 
Isotherm according to Eq. (2). 
 




capacity, qm  x 10
-3 g/g 
Equilibrium 
constant, K L/g 
R2 
0  173 0.22 0.8436 
0.05 157 0.21 0.9988 
0.25 97 0.34 0.9972 
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Figure 34. Adsorption Isotherm at pH 5 and PEG 20000. Squares are experimental data at 0.5 M 
PEG, triangles are experimental data at 0.25 M PEG, diamonds are experimental data at 0.05 M 
PEG, and circles are experimental data at no PEG. Smooth curves are best fits of Langmuir 
Isotherm according to Eq. (2). 
 





capacity, qm   x 10
-3 g/g 
Equilibrium 
constant, K L/g 
R2 
0 173 0.22 0.8436 
0.05 141 0.16 0.9541 
0.25 109 0.06 0.9983 
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From Figure 33, Figure 34, Table 8, and Table 9, it is clear that PEG has strong affinity to 
the zeolites as was demonstrated by its ability to dislodge the enzymes. PEG adsorbs 
competitively with the enzymes and is able to displace them, due to higher binding affinities. 
Higher molecular weight PEG is much more effective at desorption than the lower molecular 
weight polymer. This is likely a consequence of smaller polymer chains being more soluble in 
water and are therefore not as easily adsorbed, reducing the adsorption affinities.  
The amount of protein adsorbed on to zeolite decreased as the PEG concentration and 
molecular weight increased. In the presence of 0.25 M PEG 200 and 0.50 mM PEG 20000, the 
maximum binding capacity of zeolite reduced by 44%  and 89.6%, respectively. Given the large 
size of the enzymes compared to the pore sizes in the zeolite, the enzyme and the PEO 
adsorption is expected on the surface and not on the internal pores.  
4.3.4 Adsorption Kinetics 
 
The amount of protein adsorbed onto zeolite was measured every 5 minutes up to 30 
minutes, at 45 min, and at 60 min to determine the adsorption kinetics at 15 °C and 25 °C. It can 
be observed from Figure 35 that increasing temperature led to lower adsorption. This again 
indicates that hydrophobic interactions are the likely cause for enzyme zeolite interaction. At 15 
°C, the mean value of protein adsorbed was between 36 to 42 mg per gram of zeolite, which 
corresponds to 38 to 44 percent of the total protein. At 25 °C, the mean value of protein adsorbed 
was between 35 to 38 mg per gram of zeolite, which corresponds to 36 to 39 percent of the total 
protein. The amount of protein adsorbed on to zeolite as a function of time is presented in Figure 
35. Enzyme adsorbs to the zeolite rapidly, and the amount of enzyme adsorbed onto zeolite was 
insignificant between 5 min and 60 min. Interestingly, there is a small peak in adsorption at very 
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short times (~ 5 min) which may correspond to a rapid but weak cellulase adsorption on the 
surface followed by a slower relaxation to a stronger bound form, reflecting the so-called 
Vroman effect (Rabe et al., 2011). 
 
Figure 35. Adsorption Kinetics of CTec2 on Zeolite. Squares are experimental data at 15 °C, and 
diamonds are experimental data at 25 °C 
 
4.3.5 Enzyme Desorption by PEG 
 
Enzyme desorption studies showed that even at a concentration 0.5 mM, PEG 20000 
showed better desorption than PEG 200 at 0.5 M. The amount of protein desorbed from zeolite in 
the presence of 0.5 mM PEG 20000 and 0.5 M PEG 200 are 72% and 50 %, respectively . In 
other words, PEG 20000 at 0.5 mM desorbed 44 % more protein than PEG 200 at 0.5 M. 
Enzyme recycle yields were 17.8 % and 33.2 % for 0.5 M PEG 200 and 0.5 mM PEG 20000 




















PEG 200 and PEG 20000. To further enhance desorption, hydrophobic interactions can be 
destabilized by the addition of salt to PEG (Chiku et al., 2003).    
 PEG is a benign polymer and does not cause any interactions with biological systems 
besides osmotic effects. PEG does not interact with either the pH or electrolytes since it is a 
neutral polymer (uncharged). Therefore, it is more attractive as an eluent as compared to various 
cationic surfactants like CTAB (cetyl trimethyl ammonium bromide), polyelectrolytes like 
pDADMAC (poly diallyl dimethyl ammonium chloride) and anionic surfactants like SDS 
(sodium dodecyl (lauryl) sulfate). The experimental evidence presented here shows the efficacy 
of PEG and also establishes it as a preferred eluent for this application. 
 
Figure 36. Enzyme desorption using PEG. Squares are experimental data with PEG 200 in moles, 






































Figure 37. Enzyme recycle yield using PEG. Squares are experimental data with PEG 200 in 
moles, and diamonds are experimental data with PEG 20000 in milli moles. 
 
The performances of the recovered enzymes were evaluated by conducting enzymatic 
hydrolysis of Avicel and USKP. In Table 10, sample A represents Avicel in 0.5 g. L-1 enzyme 
solution; sample AP represents Avicel in 0.5 g. L-1 enzyme solution and 0.25 mM PEG 20000; 
sample U represents USKP in 0.5 g. L-1 enzyme solution; sample UP represents USKP in 0.5 g. 
L-1 enzyme solution and 0.25 mM PEG 20000; sample AS represents Avicel in unrecovered 
enzyme solution; sample AR represents Avicel in recovered enzyme solution; sample US 
represents USKP in unrecovered enzyme solution; sample UR represents USKP in recovered 
enzyme solution.. Original enzyme solution represents 0.5 g. L-1 of enzyme in the hydrolysis 
reactor. The recovered enzyme refers to the enzyme desorbed from the zeolite  using 0.25 mM 
PEG 20000. Unrecovered enzyme represents the enzyme not adsorbed onto zeolite in the first 
step of recovery. Enzyme hydrolysis was carried out with 5 % (w/v) of the substrate at 50 °C for 























M, PEG 200 mM, PEG 20000
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Table 10. Hydrolysis performance of recovered and unrecovered enzyme 
 Avicel USKP 
Original Enzyme solution A U 
Original Enzyme solution 
with 0.25 mM PEG 20000 
AP UP 
Recovered Enzyme AR UR 




Figure 38. Hydrolysis performance of the recycled enzyme. A-Avicel; AP-Avicel and PEG; U-
USKP; UP-USKP and PEG; US-USKP and unrecovered enzyme; UR-USKP and recovered 
enzyme; AS-Avicel and unrecovered enzyme; AR-Avicel and recovered enzyme 
 
From Figure 38, hydrolysis yields of the recovered enzyme were 35.5 % and 35.8 % for 
Avicel and USKP, respectively. The hydrolysis yields of the original enzyme were 53.3 % and 
56.3 % for Avicel and USKP, respectively.  In other words, recovered enzyme yields were 65.6 
% and 63.5 % of the original enzyme after 24 hours of hydrolysis. This illustrates that the 













































4.3.6 Enzyme Desorption by Alkali Elution 
 
At pH 9, alkali elution resulted in complete desorption of the enzyme from the zeolite. 
This result is in accordance with the literature - more that 90 % of the cellulase were desorbed at 
pH 9 (Zhu et al., 2009).  Shang et al. (2014) reported 83 % desorption at pH 10. In this study, 83 
% desorption happened at pH, 8. The enzyme desorption decreased with further decrease in pH. 
At pH 7, 59 % of the enzyme is desorbed. The amount of protein desorbed, and enzyme recycle 
yields by alkali elution are presented in Figure 39 and Figure 40. The enzyme recycle yields varied 
from 25.2 % to 46.1 % as pH increased from 7 to 9. 
 
Figure 39. Enzyme desorption as a function of pH. Square is experimental data at pH 7, diamond 



































Figure 40. Enzyme recycle yield as a function of pH. Square is experimental data at pH 7, 
diamond is experimental data at pH 8, and triangle is experimental data at pH 9. 
 
4.3.7 Enzyme Desorption using NaCl 
 
Enzyme desorption as a function of ionic strength was studied to measure the effective of 
NaCl in enzyme desorption. Increasing the concentration of salt from 0.01 M to 1 M lead to 
increased protein desorption. Displacement of protein occurs due to the increased hydrophilicity 
of the protein with the addition of salt. Compared to PEG and alkali elution, ionic strength alone 
did not have much effect on enzyme desorption. The enzyme desorption and enzyme recycle 




























































































The study demonstrated that enzyme in the liquid phase of the hydrolysate can be 
efficiently recovered by zeolites. Zeolite had a  maximum binding capacity of 173*10-3 g/g. Even 
at very low concentrations, 0.5 mM, PEG 20000 acts as an effective desorbent to recover 
enzymes from zeolite. This process is an alternative to harsh chemical methods such as alkali 
elution and salting. Hydrolysis performance demonstrated that enzyme retained its activity 
during the recovery process. In the next chapter, we present a comprehensive mathematical 
analysis of the adsorption and desorption processes of the enzymes on zeolite β using PEG as the 
eluent. This will enable the rapid evaluation and design of batch and continuous adsorption 












CHAPTER V: ENZYME RECYCLE MATHEMATICAL MODEL 
 
5.1 Introduction 
The earlier chapter (4) gave experimental data on the adsorption and desorption of cellulase 
enzymes on zeolite β. A preliminary analysis shows that the conventional Langmuir equation can 
be used to represent the adsorption isotherm data at different pH conditions. Further, the addition 
of the elutant, polyethylene glycol (PEG) results in competitive adsorption and displacement of 
the cellulase enzymes. 
The experimental data and evidence presented in chapter 4 can be used to develop, design 
and optimize an enzyme recycling process. For this purpose, equilibrium and kinetic models of 
the adsorption and desorption processes are necessary. It is the purpose of the present chapter to 
provide analyses and mathematical models of both the equilibrium and kinetic behaviors in batch 
adsorption which can be easily extended to continuous adsorption in stirred reactors and in 
column operations. The availability of reliable models for kinetics and equilibrium can enable 
rapid quantitative analysis and predictions of advanced separation schemes such as simulated 
moving beds (SMB) and extended bed adsorbers (EBA). 
In this chapter, we will give a short review of adsorption models for proteins and 
macromolecules on surfaces such as the zeolites used in our present work. From the literature 
survey, it is clear that competitive adsorption models using the Langmuir isotherm equation as a 
basis are quite successful at representing experimental data over a wide range of conditions. 
Kinetic models based on this form are also accurate and provide the ability to represent 
experimental data. The theoretical basis of the Langmuir equation is that the availability of 
adsorption sites of equal energies that are distributed uniformly on the adsorbent’s surface. The 
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adsorption is assumed to be reversible with an equilibrium between the forward and backward 
reactions attained under steady conditions. Such assumptions are not necessarily valid for the 
adsorption of proteins where the backward desorption tends to be substantially weak if at all. 
Other models are necessary in such cases (Liu, 2015a). 
5.2 Background 
Cellulases are mixtures of proteins of a similar class and therefore can often be 
considered as a single pseudo-species for the purpose of thermodynamic and kinetic 
representations. Several cellulase reactivity models are available based on this pseudo-
component concept. Therefore, for the purpose of further discussions, we will consider the 
cellulase complex to be represented by a single species in solution. The macromolecular nature 
of proteins and also the fact that their conformation impacts their charge state are important 
factors for adsorption. Thus, cellulase adsorption and desorption can be analyzed by considering 
the generalized adsorption theories for proteins and other macromolecules.  
5.2.1  General Principles 
The cellulase mixture is considered as being composed of a single species with a MW of 
69 kDa. The molecule is assumed to be spherical in aqueous solution with a diameter of 
approximately 50 nm. When adsorbed onto the zeolite surface, cellulase may or may not 
transition into a flatter conformation. For the first part of the analysis, we neglect any secondary 
transitions and other equilibrium states and assume the cellulase is adsorbed as a rigid sphere. 
Since protein binding to surfaces is almost irreversible, especially to those of high energy like the 
zeolite surface, the desorption reaction is assumed to be small.  
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 5.2.2 Langmuir Equation Models 
Among the simplest models for protein adsorption and desorption are models based on 
the Langmuir equations. The Langmuir model is based on the assumptions that the surface 
binding sites are uniformly distributed and have identical binding energies to the solute. It is also 
assumed that the coverage of the surface is by a single solute layer, i.e. a monolayer is formed 
(Kadam et al., 2004; Liu, 2015a; Rabe et al., 2011). Another assumption for Langmuir 
adsorption is that it is reversible and that the desorption is generally to first order kinetics 
(Kadam et al., 2004; Liu, 2014). The adsorption process is denoted by the following reaction 
between the solute, denoted E (for the cellulase enzyme) and Z for the adsorption site on the 
zeolite surface. EZ* represents a bound state of the enzyme at a zeolite site. 
E + Z ⇌ EZ∗ ( 9 ) 
 
The above is translated into a kinetic equation for the rate of adsorption of the enzyme as 
dq
dt
= k1(qmE − q). c − k2q 
( 10 ) 
 
When adsorption and desorption are at equilibrium the rate vanishes and the following equation 





( 11 ) 
 
The maximum loading of the solute on the adsorbent is qm and the fraction of this θ, is defined as 






 ( 12 ) 
 
The coverage is used as the dependent variable in theories based on random sequential 
adsorption (RSA) concepts. 
Some cautions are necessary to identify here. Although the Langmuir equations (both  the 
kinetic and equilibrium forms) have been widely used to model protein adsorption, they must be 
understood as empirical fits or descriptions of experimental data and physical significance cannot 
be inferred (Liu, 2015b). Protein adsorption is mostly irreversible and secondary stages of 
conformational changes of the adsorbed proteins are common. The value of qm is interpreted as 
the maximum binding capacity and KLE, the slope of the adsorption isotherm at infinite solution 
dilution, is called the binding affinity of the solute molecule. In the case of proteins, this is 
understood as a pseudo-affinity constant. 
Since the cellulase recycling process should also incorporate a technique of removing the 
cellulase from the adsorbent’s surface, the reverse reaction i.e. elution step is also important. 
This means a suitable elutant molecule is necessary for desorption and from prior literature, 
polyethylene glycol has been identified for this purpose. If one imagines that desorption occurs 
in a solution of both cellulase and PEG, the situation becomes akin to the adsorption equilibrium 
of two solute components. In this case, the process may be described by the following reactions, 
E + Z ⇌ EZ∗ ( 13 ) 
 




S + Z ⇌ SZ∗ ( 15 ) 
 
The second reaction denotes the displacement of adsorbed enzyme, similar to reactions 
used for ion exchange processes. The third reaction allows for uncovered sites of the substrate to 
be adsorbed by the elutant PEG molecule, denoted as S. During simple elution process, this is 
not expected to be a significant reaction and therefore is neglected in further modeling, although 
allowance is made for it when considering simultaneous adsorption of both the cellulase and 
PEG from solutions. 
 The kinetic equations for the above reactions are given below, as 
dq
dt
= k1([qmE − (q + qS)])c − k2q − k3qcs + k4qSc 




= −k5([qmS − (q + qS)])cS + k6qs − k3qcs + k4qSc 
( 17 ) 
 
When k5 and k6 are sufficiently small, the above equation simplifies to  
dqS
dt
= −k3qcs + k4qSc 
( 18 ) 
 
Under equilibrium conditions, the time derivatives vanish and the equation for a bi-
component Langmuir isotherm is obtained shown below. 
q∗ = qmE
KLEc
1 + KLEc + KLEKLScs
 






1 + KLEc + KLSKLEcs
 
( 20 ) 
 
5.2.3 Random Sequential Adsorption (RSA) Models 
 Recognizing that the Langmuir models shown above are mechanistically flawed when 
applied to protein adsorption, a second class of models have been applied. The so-called random 
sequential adsorption concept conceives protein molecules as adsorbing sequentially and 
irreversibly onto the adsorbent surface resulting in a gradual occlusion of the surface. This is 
obviously governed by the geometry of the surfaces and filling by the protein. As molecules 
adsorb onto the surface, it becomes progressively more difficult for new molecules to adsorb, 
and the coverage reaches a limit known as the ‘jamming’ limit. For spherical particles depositing 
onto a flat surface, the jamming limit under RSA has been determined by simulations to be 0.547 
(Rabe et al., 2011). In practice secondary diffusion of the solute molecules along the surface may 
cause this jamming limit to be much higher and sometimes approach complete coverage.  The 
RSA model for protein and spherical particle deposition has been well investigated. Recent 
reports showing its success for representing proteins have been given by (Brash and Horbett, 
1995; Rabe et al., 2011; Talbot et al., 2000). A compact summary equation for RSA kinetics is 
given by (Johnson and Elimelech, 1995). This is applied to RSA of the cellulase molecules, 









where  B(θ) is known as the blocking function and describes the amount of available surface 
area on the adsorbent that is free for the new solute molecule to occupy. The surface projection 
of the solute molecule of radius ap is assumed to be circular and Κ is a known constant equal to 
0.2348 (Kurrat et al., 1997). Furthermore, the parameter α is known as the capture coefficient, 
translating into the fractional of successful collisions for deposition. The variables θ and n are 
the fractional coverage (q/qmE) and the number concentration of the enzyme in solution 
respectively.  
5.2.4 Kinetics of Batch Adsorption 
A kinetic study of adsorption based on the simple competitive adsorption model i.e. the 
bi-component Langmuir model can be written as follows. The main equations describing the 
kinetics are reproduced below for convenience, with the understanding that the rate of the third 
reaction is negligible and therefore its contributions are ignored. 
dq
dt
= k1([qmE − (q + qS)])c − k2q − k3qcs + k4qSc 




= −k3qcs + k4qSc 
( 23 ) 
 
For the case of batch adsorption in a stirred vessel, clean adsorbent is first loaded into a 
fixed volume of the solution containing both components. It is assumed that the vessel is stirred 
rapidly such that any mass transfer limitations due to diffusion of the solute molecules to the 
surface are negligible. In the case of significant resistances, the model needs to be adjusted 
appropriately through the use of mass transfer coefficients with suitable correlations. Mass 
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balance on the cellulase and PEG yield two more equations which can be used to solve the above 
equations as two non-linear ordinary differential equations.  
  c = c0 − βq ( 24 ) 
 
  cs = cs0 − βqs ( 25 ) 
 
We consider three different cases which may be encountered during adsorption desorption 
operations. 
 5.2.4.1 Adsorption of cellulase as a single component 
It is necessary to first adsorb the cellulase onto the zeolite as a first step during the 
separation. The kinetics of this process can be modeled using the first equation along with the 
initial condition that 
c(t = 0) = c0;   q(t = 0) = 0 ( 26 ) 
 
5.2.4.2 Adsorption of both cellulase and PEG together from a solution 
Fresh zeolite is brought into contact with a solution of both cellulase and PEG in this 
case. This would be used for baseline kinetics determinations and other experimental analyses 
but would not be used in process operations directly. 
c(t = 0) = c0;   q(t = 0) = 0; ( 27 ) 
And  




5.2.4.3 Desorption or elution of loaded adsorbents 
In this case, zeolite preloaded with cellulase is brought in contact with a fresh solution of 
the elutant, PEG. The initial condition is 
c(t = 0) = 0;   q(t = 0) =  q0; ( 29 ) 
 























5.3.1 Adsorption Kinetics of Cellulase on Zeolite - Modeling of Experimental Data 
Adsorption kinetics were first modeled by using the Langmuir kinetic model. This model 
consisted of the differential equation, (10), the mass balance for the enzyme, equation (24) and  
the initial condition given by equation (26). All the input variables are shown in Table 11.  
Table 11. Adsorption Kinetics for cellulase and PEG system on zeolite β 
 Symbol Value Units 
Mass of zeolite m 10 g 
Volume of solvent (~solution) V 1 L 
Initial concentration of cellulase c0 1 g/L 
Initial concentration of PEG cs0 0 g/L 
PEG MW  20 kDa 
Maximum loading of cellulase and PEG qmE 140 mg/g 
Enzyme Binding Affinity KLE 0.7  
PEG Binding Affinity KLS 4.0  
Rate constant for adsorption k1 0.004  
 
 
The results of the calculations are shown in Figure 43 as the dynamic loading of the 
enzyme as a function of time. Experimental data are also shown. The 95% confidence intervals 
for the experimental data points are given in Figure 35 of chapter 4. It is clear from this figure 
that the simple Langmuir kinetic model agrees with the experimental data very well. 
Interestingly, there is a small peak in adsorption at very short times (~ 5 min) which may 
correspond to a rapid but weak cellulase adsorption on the surface followed by a slower 
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relaxation to a stronger bound form, reflecting the so-called Vroman effect (Rabe et al., 2011). 
The experiments were done in triplicate and all the data points showed this minor peak relative to 
adsorption at later times. More investigations are necessary to confirm this effect.  
We can hypothesize that the cellulase molecule adsorbs initially in a spherical 
conformation but transitions quickly to a flatter ellipsoidal conformation as more groups interact 
with the surface. In this case, it is possible to determine an approximate aspect ratio of the 
ellipsoid using random sequential adsorption theory and models (RSA). 
 
Figure 43. Adsorption kinetics for batch adsorption of cellulase onto zeolite β (Langmuir). Initial 
enzyme concentration 1 g/L with a loading of 10 g/L zeolite.  Experimental data shown and 




5.3.2 Adsorption Kinetics – Single Component Cellulase on Zeolite Using Random Sequential 
Adsorption Model 
The principal parameters in RSA are the collision efficiency and the maximum coverage 
parameter. RSA models idealize the adsorbing molecule as a sphere and therefore, the cellulase 
enzyme radius is necessary. Although the enzyme itself is small, some literature suggests that the 
size of enzyme aggregates in aqueous solution are typically about 50 nm in radius (Rabe et al., 
2011). This was used as an approximate size in our modeling. Slight deviations from this value 
may be expected to change the optimal parameters but should not impact the quality of the fit in 
a qualitative sense. The model consists of equations (21) and (24) subject to the initial condition 
of (26). Figure 44 shows the results of the calculation for different values of these two parameters, 
i.e. alpha and K. The optimal parameters can be observed by inspection as 0.8e-04 and 0.075 g/g 
respectively which are consistent with expectations. Although the value for qmE is lower than 
expected, for the case of RSA this value may be because of packing differences between actual 
molecules and the model assumptions. The low value of the collision efficiency is not surprising 
given that not all collisions between the solute molecule and the surface would be successful in 
binding, for energetically asymmetric molecules and the zeolite surface. We observe that with 
these best fitting parameters, the RSA model provides a good description of cellulase adsorption. 
This indicates some advantages of the RSA model. This is a more accurate topographic 
representation of the enzyme adsorption process than the abstract and highly ideal form of the 
Langmuir isotherm. Furthermore, it is nicely amenable to extensions for mixtures of asymmetric 
protein mixtures and also proteins and other solutes of differing sizes. Further, reconformation of 
macromolecular chains on the surface can lead to molecular spreading which can be described 
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nicely by extended RSA models in the literature. These issues are relegated to future work and in 
this work, we conclude by pointing out the usefulness of the RSA approach in this case. 
Table 12. Parameters from RSA model – Best fitting 
Parameter Symbol Value Units 
Maximum coverage qm 0.075 g 
Collision Parameter  α 0.8x10-4 L 
K  K 0.2387   
Maximum Blocking Area   θm 0.537   
Protein radius ap 50 nm 
 
 
Figure 44. Adsorption kinetics for batch adsorption of cellulase onto zeolite β (RSA model). 
Legend denotes different parameter values. Experimental data are shown as blue circles. 
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5.3.2.1 Adsorption Kinetics of Cellulase and PEG Loading Simultaneously (Vroman Effect) 
Next, we consider two cases of adsorption and desorption. In the first, we consider the 
adsorption of both cellulase and PEG together onto a fresh batch of zeolite in a batch stirred 
vessel. The initial enzyme dosage is assumed to be at 10 g/L and the other constants are given in 
Table 11. The kinetic model for this case consists of Equations 22-25 along with the initial 
conditions given in equation 26. The results of the calculations are shown in Figure 45. The 
vertical axis in this figure represents the loading of the enzyme and PEG. Results for three 
different cases are shown. The first condition represents simple loading of the zeolite with 
cellulase at an initial concentration of 10 g/L. Under this condition, the PEG loading is 
identically zero as represented by the dots in the figure. A second condition is considered (blue) 
where the initial concentration of enzyme and PEG are each at 10 g/L. Under this condition, the 
cellulase enzyme quickly adsorbs to a peak but the adsorption reduces with increasing time and 
settles to a lower level. The lower level of adsorption is caused by the competitive adsorption 
from the PEG which simultaneously increases as shown by the curve E10S10 in this figure. The 
development of a peak adsorption at short times is a consequence of the balance between the 
reaction rates shown in Table 13. This is a direct prediction of the Vroman effect in the cellulase 








Table 13. Kinetic and Equilibrium Parameters for calculations 
Variable Symbol Value Units 
Maximum loading of cellulase and PEG qmE   140 mg/g 
Enzyme Binding Affinity KLE 0.7  
PEG Binding Affinity KLS 4.0  
Rate constant for adsorption k1 0.004  
Rate constant k2  k1/ KLE  
Rate constant k3 0.004  




Figure 45. Adsorption kinetics for batch adsorption of cellulase and PEG onto zeolites. The 
solution enzyme concentration is assumed to be 10 g/L and the PEG concentration varies 
from 0 through 10. qE denotes cellulase loading and qS denotes PEG loading. Legend 
denotes initial enzyme and PEG concentrations. The condition marked by * corresponds to 
desorption i.e. elution or unloading phase for column operations. The Vroman effect is 
shown by the solid blue curve E10S10 with a peak in adsorption for qE. 
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5.3.2.2 Desorption of Cellulase Using PEG Elutant (Adsorbent Column Unloading) 
In practical operation, cellulase is expected to be first loaded from solution, onto the 
zeolite adsorbent and is followed by desorption using a displacer such as PEG. This could be 
done either in a chromatographic column, as a part of a desorber column in a continuous 
simulated moving bed process (SMB), or in batch in a stirred vessel. We consider the last 
operation to show the significance of the equilibrium and kinetic models studied in this chapter. 
Referring to Figure 45 again, the results of the calculations for this case are displayed as the 
curves E0S10*. The solid curve shows the cellulase enzyme loading on the adsorbent (qE) as a 
function of time. It decreases uniformly from its initial value of 0.01 g/g, a consequence of the 
increasing displacement loading of the elutant, PEG. The loading curve for PEG shows a 
simultaneous increase with time, reflecting the desorption process. 
5.3.3 Bi-component Adsorption Equilibrium 
Adsorption equilibrium experiments described in the previous chapter were modeled 
using the bicomponent Langmuir equation. Table 13 and  Table 14 list the conditions and other 
variables assumed for the calculations of the model. Figure 46 and Figure 47 show calculations 
of the equilibrium loading of cellulase and PEG onto the zeolite with different concentrations of 
the elutant (from 0 to 0.5 mM, corresponding to 10 g/L). The total coverage of both the cellulase 
and the PEG molecule is assumed to be equal. The experimental data appear to indicate a 
maximum of 140 mg/L for the cellulase which was used for further calculations (see Table 13). 





Table 14. Adsorption equilibrium for cellulase and PEG system on zeolite β 
Variable Symbol Value Units 
Mass of zeolite m 10 g 
Volume of solvent (~solution) V 1 L 
Initial concentration of cellulase c0 10 g/L 
Initial concentration of PEG cs0 10 g/L 




Figure 46. Adsorption Equilibrium for cellulase on zeolite β, modeled using the bi-
component Langmuir Isotherm (Eq. 19-20). Second component is PEG20000. PEG 
concentrations shown as in legend. Experimental adsorption data for the enzyme loading are 
shown as individual data points. 
 
It is clear from Figure 46 that the bi-component Langmuir model can be used to fit the 
data quite well. It appears that as the concentration of the elutant, PEG is increased in solution 
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from 0 through 500 µM, the adsorption of the cellulase is effectively inhibited. Thus, it is 
possible to achieve significant unloading of the zeolite using PEG as an elutant and also the 
equilibrium model represented by equations 19-20 can be used effectively for representing 
adsorption and desorption processes. 
 
Figure 47. Loading of PEG on zeolite β. Other data as in Figure 46.  PEG concentrations 
shown as in legend. 
 
 Figure 47 shows the loading of PEG onto the zeolite at different enzyme concentrations. 
As the cellulase concentration increases, competition for the adsorption sites leads to reduction in 
the loading of the PEG. The highest loading of PEG is more resistant to this competition while at 
low loadings, the enzyme also adsorbs to the surface.  
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In conclusion, the predictions of the model appear to be in agreement with experimental 
















CHAPTER VI: CONCLUSIONS 
 
This study demonstrated that the biocatalytic activity of the enzyme can be improved by 
enzyme retention and recycle using membrane bioreactor (MBR) and zeolite adsorption. By 
using MBR, the hydrolysis yield improved by 24.1 % and 43.2 % at a dilution rate of 0.25 h-1 and 
0.5 h-1, respectively after 11 hours of hydrolysis. The productivity is consistently higher when 
hydrolysis is performed in MBR. This increased yield and productivity is due to reduction of 
product inhibition. However, it should be noted that concentration of the reducing sugar is low 
and got even lower when dilution rate increased from 0.25 h-1 to 0.5 h-1.  
Tween 80 was added to the substrate to minimize the effects of calcium ion on hydrolysis. 
Tween 80 addition improved the hydrolysis yield by 10.2 % in the calcium ions. However, when 
operated in MBR, the hydrolysis yield increased by 26.5 %. The increased yield might be due to 
the combination of decreasing product inhibition and calcium ion concentration depletion. 
MBR was effective only when enzyme loading is higher than 7.5 FPU/ g substrate. 
Membrane MWCO had a significant effect on the hydrolysis. In general, lower MWCO resulted 
better hydrolysis. This might be due to the effective retention of enzymes by the membrane. At 
higher enzyme loading of 15 FPU/ g substrate, there was no significant effect of membrane 
MWCO. The hydrolysis improved by 19.7 % in both cases where MBR is fitted with 10 kDa and 
30 kDa MWCO membrane. 
The enzyme in the liquid phase of the hydrolysate was effectively recovered using zeolites. 
Adsorption isotherms were constructed at varying pH and temperatures to understand factors 
affecting adsorption. Adsorption isotherms indicate that enzyme adsorption on zeolite is driven 
mostly by hydrophobic interactions and also by some van der Waal’s effects. At  pH 4, 
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maximum binding capacity of the zeolite is 210*10-3 g/g. The adsorption affinity increased as the 
pH decreased. Even at higher concentrations, salt was not effective at desorbing enzymes from 
the zeolite. At 1 M NaCl, the amount of desorbed protein accounted for 24 %. 
PEG was very efficient at displacing the enzymes from zeolite. The higher molecular weight 
PEG is much more effective at desorption than the lower molecular weight polymer. At a 
concentration of 0.25 mM, PEG 20000 was able to desorb about 75 % of the adsorbed protein. 
PEG does not interact with either the pH or electrolytes since it is a neutral polymer (uncharged). 
Therefore, it is more attractive as an eluent as compared to various cationic surfactants like 
CTAB (cetyl trimethyl ammonium bromide), polyelectrolytes like pDADMAC (poly diallyl 
dimethyl ammonium chloride) and anionic surfactants like SDS (sodium dodecyl (lauryl) 
sulfate).  
The data from adsorption and desorption processes of the enzymes on zeolite using PEG as 
an eluent can be fit to Bi-component Langmuir model. This model can evaluate batch and 












CHAPTER VII: RECOMMENDATIONS FOR FUTURE WORK 
 
Further improvements in hydrolysis of synthetic mixture, composed of pulp fiber fines 
and calcium ions, using membrane bioreactor (MBR) can be achieved by reducing the 
concentration of calcium ions. Therefore, strategies to reduce the effect of calcium ions on the 
hydrolysis process or removal of calcium ions from the synthetic mixture need to be explored.  
An additional concentration step is necessary to increase the concentration of the sugars 
for downstream fermentation. Alternatively, performing enzymatic hydrolysis at a higher solid 
loading, and changing the product removal strategies need to be investigated for improving the 
output sugar concentration.  
Conversion of sugars produced in MBR into value added products such as biofuels and 
polyhydroxy alkanoates need to be explored. A continuous saccharification and fermentation 
process – where the sugars separated from hydrolysis mixture are fed to the fermentation unit – 
can be beneficial for process efficiency. Therefore, it is recommended to explore this continuous 
saccharification and fermentation process. 
Enzyme recycle using other adsorbents need to be investigated. An advanced separation 
scheme such as simulated moving bed need to be developed using the adsorption models to 
improve the efficiency of the recycle process.  
Finally, it might be worth investigating the efficiency of the process by conducting a 
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